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Editorial on the Research Topic

Dietary Supplements, Botanicals and Herbs at The Interface of Food and Medicine

INTRODUCTION

The Research Topic “Dietary Supplements, Botanicals and Herbs at The Interface of Food and
Medicine” provide a detailed and up to date picture on a key interdisciplinary field.

The focus of this Research Topic has been the relationship between dietary supplements
(according to FDA definition)/food supplements (according to EFSA definition), botanicals,
herbal medicines, herbal medicinal products and, foods with potential beneficial properties from
a global and interdisciplinary perspective with the aim of understanding their potential health
benefits. In order to simplify the discussion in the context of the complex terminology, herbal
remedies, herbal drugs, herbal medicinal products, herbal medicines, botanical drugs are all labelled
as botanicals, a term commonly linked to the framework in the USA, but now also used, for example,
in Europe (EFSA Scientific Committee, 2009; European Food safety Authority, 2012; U.S.
Department of Health and Human Services Food and Drug Administration Center for Drug
Evaluation and Research (CDER), 2016; 1).

The use of plants in new formulations of dietary supplements was explored.

The beneficial properties of medicinal plants (often having a restricted regional uses) trigger
interest in the possibility of developing novel nutraceutical botanical supplements formulations,
which can help to support health conditions reducing the need for pharmacological interventions, in
particular for individuals who do not qualify for conventional drug-based treatment.

The Areas Explored
i) Interdisciplinary approaches using emerging and innovative techniques with chemometrics on
dietary supplements, the production of standardized formulations, authentication of individual
plants, monitoring of the quality of herbs and plants used for botanical supplements, detection of
adulteration or contamination of herbs;

Durazzo A, Lucarini M and Heinrich M
(2022) Editorial: Dietary Supplements,
Botanicals and Herbs at the Interface
of Food and Medicine.

Front. Pharmacol. 13:899499.

doi: 10.3389/fphar.2022.899499

ii) studies on the description and use of bioactive compounds i.e., antioxidants in medicinal plants
as well as on physiological mechanism and bioaccessibility of compounds;

'https://ods.od.nih.gov/factsheets/list-Botanicals/.
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iii) the application of nanotechnologies for developing novel
plant-based products with improved bioavailability,
solubility, and efficacy;

iv) studies of medicinal plants using “large data” e.g., extracted
from healthcare or other databases e.g., dietary supplement
ones, including the application of classification systems,
harmonization, and coding procedures;

v) investigations on the functional/nutraceutical characteristics
of foods in order to integrate intrinsic nutritional properties;

vi) the use of food waste as a sustainable alternative source of
biologically active compounds for botanicals.

The papers published cover an exciting range of themes within
this fast evolving area of research.

The strict linkage of territory, medicinal plants and health was
underlined in this Research Topic. For instance, Mudau et al.
presented a systematic review of the potential of South African
neglected and underutilized crops as food and herbal medicinal
crops. Vujicic and Cohall reported the knowledge, attitudes and
practices on the use of botanical medicines in a rural Caribbean
territory. Ojha et al. described the traditional dietary knowledge
of a marginal hill community in the central Himalaya, with
particular focus on the implications for food, nutrition, and
medicinal security. Cordero et al. reported the ethnobotanical
documentation of medicinal plants used by the indigenous Panay
Bukidnon in Lambunao, Iloilo, Philippines. Okagu et al. provided
a stimulating review of Zanthoxylum species and their traditional
uses, phytochemistry and pharmacology in relation to cancer,
infectious diseases and sickle cell anemia. Wu et al. reviewed the
ethnopharmacological understanding of Houttuynia cordata
Thunb. Kasali et al. presented a critical
ethnopharmacology and bioactivity data of antidiabetic
medicinal plants used in Democratic Republic of Congo.
Belhouala  and presented a  multiregional
ethnobotanical study of medicinal plants used by traditional
healers in Algeria. Brendlerl and Abdel-Tawab reviewed the
features of Buchu (Agathosma betulina (P.].Bergius) Pillans
and Agathosma crenulata (L.) Pillans).

Research on bioactive metabolites and beneficial properties
and effects of medicinal plants is another core focus. Rahim et al.
studied the phytochemical analysis, antioxidant and bone
anabolic effects of Blainvillea acmella (L.) Philipson. Otari
et al. reported the phytochemistry of two unexplored endemic
medicinal plants of India, Barleria terminalis Nees and
Calacanthus grandiflorus (Dalzell) Radlk. Divyashri et al
showed experimental evidence of neuroprotective potential of
non-digestible oligosaccharides. Sadgrove et al. described the
pharmacology of natural volatiles and essential oils in food,
therapy, and disease prophylaxis.

An overview of meta-analyses of clinical trials of medicinal
plants used for glycaemic control in type 2 diabetes is given by
Willcox et al. Razali et al. studied in vitro anticancer activity of
Neolamarckia cadamba (Roxb.) Bosser leaf extract and its
metabolite profile. Kudera et al. reported on selective in vitro
antibacterial and antiproliferative effects of ethanolic extracts
from Cambodian and Philippine plants used in local medical
system for diarrhea treatment.

review of

Benarba
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Zheng et al. reported how the artesunate combined with
Metformin ameliorate on diabetes-induced xerostomia by
mitigating superior salivatory nucleus and salivary glands
injury in type 2 diabetic rats via the PI3K/AKT pathway.
Mohanty et al. described the ameliorative effects of dietary
ellagic acid against severe malaria pathogenesis by reducing
cytokine storms and oxidative stress. Rahmi et al. reported
how the extracts of Andrographis paniculata (Burm.f) Nees
leaves exert anti-gout effects by lowering uric acid levels and
reducing monosodium urate cystal-induced inflammation.

Moving towards the field of innovative procedures for
medicinal plants and herbs research in quality control area,
the international perspective by Durazzo et al. addresses
analytical challenges and metrological approaches to ensuring
dietary supplement quality. An example is given by Xu et al. that
described the authentication of three source spices of Arnebiae
Radix -Arnebia decumbens (Vent.) Coss. et Kralik, Arnebia
euchroma (Royle ex Benth.) IL.M.Johnst. and Arnebia guttata
Bunge-using DNA barcoding and HPLC. Jiang et al. showed a
value chain perspective for the quality monitoring of Cistanche
deserticola Ma.

Schreiner et al. investigated 68 powdered plant extracts
(botanicals) which are added to food products in food
industry throughout 8-dimensional hyphenation of normal-
phase high-performance thin-layer chromatography with
multi-imaging by ultraviolet, visible and fluorescence light
detection as well as effect-directed assay and heart-cut of the
bioactive zone to orthogonal reversed-phase high-performance
liquid chromato-graphy—photodiode array detection—heated
electrospray ionization mass spectrometry: the array of 1,292
profiles (68 samples x 19 detections) showed the versatile
bioactivity potential of natural food.

One particular focus is the interface between food and
medicine. Prunus mira Koehne in Sichuan (PR China) is the
focus of a review covering its history, distribution, modern
application and ethnobotanical investigation (Zhang et al;
Martinez-Francés et al. analysed the medicinal plants in
traditional herbal wines and liquors in the east of Spain and
the Balearic Islands. Asdaq et al. reported the potential benefits of
using garlic oil and its active constituent, dially disulphide, in
combination with carvedilol in ameliorating isoprenaline-
induced cardiac damage in rats. Otunola et al. reviewed the
properties of culinary spices in food and medicine, with focus
on Syzygium aromaticum (L.) Merr. and L. M. Perry [Myrtaceae].

Iniguez-Luna et al. studied the natural bioactive compounds of
Sechium spp. P. Br (chayotes)for therapeutic and nutraceutical
supplements. Li et al. reviewed the promising traditional uses,
pharmacological effects, aspects, and potential applications
Citrullus colocynthis (L.) Schrad (Bitter Apple Fruit). Attah
et al. studied effect of extracts of moringa oleifera seed on
some reproductive parameters, hepatic and renal histology.

Chao et al. presented an ethnobotanical survey on bitter tea in
Taiwan.

Krepkova et al. described valuable hepatoprotective plants i.e.
milk thistle, artichoke, and chicory and the use of their waste
products as rich sources of active components. Alyahya et al.
reported the quantification of chlorogenic acid and vanillin from
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coffee peel extract and its effect on a-Amylase activity,
immunoregulation, mitochondrial oxidative stress, and tumor
suppressor gene expression levels in H,0,-induced human
mesenchymal stem cells.

Bilal et al. reviewed the nutritional applications, beneficial
health aspects of olive oil and its prospective application in
poultry production. Oshiomame Unuofin et al. reviewed
nutritional and pharmacological applications of ginger from
farmyard to town.

Lastly, the development carrot nutraceutical products as an
alternative supplement for the prevention of nutritional diseases
Riyaz et al.

The research topic has highlighted the diversity of
approaches to understand plants which may be a food or a
medicine, depending on the context, regulatory status and the
interpretation of the evidence. The articles provide fascinating
spectrum of perspectives on this important them, relevant for
human health and one of the long-standing challenges in
ethnopharmacology. They provide not only new insights
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Arnebia decumbens (Vent.) Coss. et Kralik, A. euchroma (Royle) Johnst and A. guttata
Bunge, three commonly used traditional Chinese medicinal plants have been widely used
for the clinical treatment of inflammatory diseases caused by fungal, bacterial, oxidation,
and other related pathogens. However, precise identification at the similar species level is
usually challenging due to the influence of the source of medicinal materials, traditional
ethnic medicine and medicinal habits. Here we developed a comprehensive and efficient
identification system for three source spices of Arnebiae Radix based on DNA barcoding
and HPLC fingerprinting. A total of 599 samples from thirty-five wild populations were
collected and identified by using DNA barcodes of ITS2 regions, and the chemotypes of
seven naphthoquinoneswere revealed by HPLC quantitative analysis including principal
component analysis and hierarchical clustering analysis. Our results showed that the ITS2
sequences can distinguish three source spices of Arnebiae Radix from adulterants.
However, it was difficult to identify them by HPLC-specific chromatograms
combined with chemometric analysis. These results indicated that DNA barcoding
was a more powerful method than HPLC fingerprinting for the identification of related
species that were genetically similar. DNA barcoding analysis could be a promising and
reliable tool to accurately confirm the identities of medicinal materials, especially for
those whose sources are multiple and difficult to be identified by conventional
chromatography.

Keywords: Arnebiae Radix, DNA barcoding, ITS2, HPLC, identification

INTRODUCTION

Arnebiae Radix (Zicao in Chinese), a kind of traditional Chinese medicine, is the dried root bark of A.
euchroma (Royle) Johnst. and A. guttata Bunge in the Chinese Pharmacopoeia (2020 version).
Shikonin and its derivatives, red naphthoquinones, are widely found in the epidermis of the roots of
Arnebiae Radix (Zhan et al., 2015) and have been widely demonstrated to possess various biological
activities, such as anti-inflammatory (Fu et al., 2016; Sun et al., 2017; Guo et al., 2019), antibacterial
(Zhao et al., 2017; Huang et al., 2020), and antiangiogenic (Liu C. et al., 2020) activities. Recently, it
was reported that shikonin and its derivatives could induce apoptosis of many types of cancer cells
and exhibit anticancer activities and antitumorigenic properties (Liao et al., 2020). Amebia Radix has
been widely used in the medicine, printing and dyeing industry, cosmetics and food industries (Xu
et al.,, 2014; Ma et al., 2021).
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TABLE 1 | Sample information of Amebiae Radix and its adulterants in this study.

Taxon Sample Locality

A. decumbens (vent.) coss. et kralik Ad(FK) Fukang city
Ad(TKS) Tekesi county
Ad(MQ) Miguan county
Ad(KLMY) Kelamayi city
Ad(WS) Wusu county
Ad(SH2) Shihezi city
Ad(BEJ) Buerjin county
Ad(SHW) Shawan county
Ae(WLMQ) Wulumugi county
Ae(ML) Mulei county
Ae(BCH) Baicheng county
Ae(NLT) Nalati town
Ae(TSHKEG) Tashikuergan county

A. euchroma (royle) Johnst Ae(ATSH) Atushi county
Ae(WQ) Wengquan county
Ae(HJ) Hejing county
Ae(HCH) Huocheng county
Ae(JH) Jinghe county
Ae(GL) Gongliu county
Ae(AKS) Akesu county
Ae(XY) Xinyuan county
Ag(HM) Hami county
Ag(FY) Fuyun county
Ag(BLK) Balikun county
Ag(NLK) Nileke county
Ag(TSHKEG) Tashikuergan county
Ag(QT) Qitai county
Ag(HJ) Hejing county

A. guttata bunge Ag(YW) Yiwu county
Ag(SHSH) Shanshan county
Ag(TL) Tuoli county
Ag(ML) Mulei county
Ag(QH) Qinghe county
AgWQ) Wenquan county
Ag(XY) Xinyuan county

Furthermore, there are other plants of the genus Arnebia
(Boraginaceae) that are also named Zicao in Xinjiang of
China, such as A. decumbens (Vent.) Coss. et Kralik and A.
tschimganica (Fedtsch.) G. L. Chu (Jia-Xin et al., 2018). The
market for Arnebiae Radix is complicated due to the influence of
the source of medicinal materials, traditional ethnic medicine and
medicinal habits. Thus, it is difficult to identify the authenticity of
medicinal Arnebiae Radix, and the identification problem needs
to be solved urgently.

Currently, DNA barcoding has emerged as an effective tool for
the identification of traditional Chinese medicine due to its
species specificity. DNA barcoding has been performed to
recognize animals, plants, and fungi (Chen et al, 2014;
Gunnels et al., 2020; Behrens-Chapuis et al, 2021; Selva
Pandiyan et al, 2020). As a valuable tool for biological
identification, DNA barcoding can identify species efficiently
and conveniently (Yu et al, 2021). Chen et al. found that the
internal transcribed spacer 2 (ITS2) region can potentially be used
as a standard DNA barcode to identify medicinal plants and their
closely related species (Chen et al., 2010). ITS2 can serve as a
novel universal barcoding for the identification of a broader range
of plant taxa (Liu et al., 2012; Zhang et al., 2018; Khan et al., 2019).
Moreover, high-performance liquid chromatography (HPLC)

Authentication of Three Arnebiae Radix

Longitude(E) Latitude(N) Altitude(m) Sample Size
88°17'34" 44°24'39" 487 18
81°54'41.78" 43°12'10.64" 1375 16
87°26'47" 44°36'42" 707 15
84°57'40" 45°11'48" 436 18
84°57'40" 45°11'48" 379 15
86°14'28" 45°1'42" 472 15
86°92'34.51" 47°07'33.08" 497 11
85°55'17" 44°55'52" 564 12
87°07'28.67" 43°17'19" 2,507 14
90°31'09.79" 43°33'21.42" 2,568 5
81°84/55.37" 41°82'11.06" 2,606 20
83°56'10.920" 43°10'11.24" 2,500 16
75004'52.2" 37049'58.7" 4,234 18
76°12'33.08" 39°27'43.50" 2,300 20
80°32'18" 45°2'18" 2,299 19
84007'13.3" 42042'00.5" 2,456 19
81°09'53.83" 44°27'32.39" 2,502 21
83015'44.7" 44023'42.6" 2,144 19
82°23'19.10" 43°35'42.30" 2,530 19
80°29'31.22" 41°15'33.28" 2030 19
83°27'66.19" 43°41'55.40" 2,201 18
93°50'53.05" 43°07'42.63" 861 18
89°1'2" 45°2'46" 1065 22
91°39'48.60" 43°47'25,6" 1632 17
82°10'3" 43°36'41" 765.4 16
75028'58.3" 37013'44.7" 3,780 14
091°22'52.9" 44°58'0.5" 1167 19
86°0'23.56" 43°01'1.89" 2,253 17
94°48'51.30" 43°19'25.3" 1414 19
89°56'37.05" 43°06'2,0” 653 15
82°34'40" 45°35'0" 15632.3 17
091°23'22.5" 45°03'20" 1312 23
90°22'25" 45°33'7" 1193 20
81°8'18" 44°46'32" 1801.7 16
82°29'45" 43°24'17" 894.1 19

specific chromatograms, which can effectively determine the
content of compounds, are widely used for authenticity
confirmation and quality control of traditional Chinese
medicines (Hu et al, 2020; Liu B. et al, 2020). Some
researchers have indicated that the chemical components of
different Arnebiae Radix vary, some of which may have good
bioactivities (Feng et al., 2020; Liao et al., 2020; Mei et al., 2020).

Thus, authenticity assurance is crucial for their quality control.
In this study, we intended to use the DNA barcoding technique
and HPLC-specific chromatograms to identify three source spices
of Arnebiae Radix. The results will facilitate exploring the genetic
basis of chemical variations and developing strategies for the
utilization and conservation of Arnebiae Radix.

MATERIALS AND METHODS

Plant Materials

A total of 599 samples from thirty-five wild populations were
collected and analyzed in this study (Table 1), including A.
decumbens (Vent.) Coss. et Kralik (Ad:120 individuals from
eight wild populations), A. euchroma (Royle) Johnst (Ae: 227
individuals from 13 wild populations), and A. guttata Bunge (Ag:
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TABLE 2 | Variable sites of the ITS2 region of the three Amebiae Radix species.

Site Ad Ae Ag
1 —/A -/A -/NG
2 —/A -/G -/NG
13 C C C/T
26 C/T C C
40 C C/T C/T
4 G A AG
42 C C/T C
44 T T AT
45 C C/T A/C
46 G C/G G/T
52 C C C/T
60 C A AC
63 A A AT
64 G A AG
66 A A AG
67 C AC A
68 T T C/T
69 T G G/T
70 G T AT
71 ¢} T T
7 T G/T C/T
98 G G AG
101 C T T
102 C/T T T
103 G G G/T
104 G A AT
118 AG G AG
122 AT T T
124 C/T C C/T
130 Cc/T C C/T
137 G/T T G/T
149 AG/T A AT
180 A/C A A/C
184 C/T C/T C
194 AG AG A
200 AG G AG
201 C/T T T
202 G/T G G/T
203 C/G/T T C/T
207 C/T C C/T
208 C/G G G
210 AG A AG
218 AT A A
219 G/T G/T G/T
223 C/T C C/T
226 G/T G G/T
227 C/T C C/T
231 C/T C C/T
232 A/C C A/C
233 AG A A
236 C/T T C/T
238 G/T G G/T
239 C/T T T
240 G/T T G/T
241 C/G/T C (o742}
252 C/T C C/T
254 G/T G G/T
261 C/G C/G G
263 C/T C C/T
264 C/T C (o742}
267 C/G C/G G
286 C/T T C/T
348 AG AG G
359 C/T C C

(Continued in next column)
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TABLE 2 | (Continued) Variable sites of the ITS2 region of the three Amebiae Radix
species.

Site Ad Ae Ag
371 AT A AT
380 -/G/T G/T -/T
389 -/NG G -/G
390 -/NG G -/ANG
391 -/C/T C -/C/T
396 -/C/IT C/T -/C/T
399 -/G/T -/T -/G/T

Ad, A. decumbens (Vent.) Coss. et Kralik; Ae, A. euchroma (Royle) Johnst; Ag, A. guttata
Bunge; -missing variant site.

252 individuals from 13 wild populations). This study
contained most of the Arnebiae radix species in Taiwan and
China but did not include C. quinquesecta, because the species
is a critically endangered medicinal plant and was not found in
the field. Sampling from plantation populations or within
short distances was avoided (>50km). All samples were
dried and stored immediately in silica gel after collection.
Voucher specimens were deposited at Xinjiang Medical
University. The geographic localities of each sampled
population were determined using a Garmin GPS unit
(Table 1).

Chemical Apparatus

Chemical standards including (B,B-dimethylacryl)shikonin
(15102821), alkannin (15102721), deoxyalkannin (15062422)
and acetylshikonin (15120431) were purchased from Tauto

Biotech  (Shanghai, China). [-Acetoxyisovalerylalkannin
(PO5M7F14235) was purchased from Yuanye Biotech
(Shanghai, China). Isobutylshikonin (wkql6101302) was

purchased from Weikeqi Biotech (Sichuan, China). (2-Methyl-
n-nbutyl) shikonin (AV51-LDQR) was purchased from Tokyo
Chemical Industry (Tokyo, Japan). The purity of the standards
was above 98%. The petroleum ether (60-90°C) was analytically
pure. All of the chemicals and reagents used in this study were of
HPLC analytical grade.

DNA Extraction, PCR Amplification and
DNA Sequencing

The material specimens were dried by natural methods, and
20 mg of dried plant material was used for DNA extraction.
Genomic DNA was extracted with a DNA Secure Plant Kit from
Tiangen Biotech (Beijing, China). The relative purity and
concentration of extracted DNA were estimated by ethidium
bromide staining on agarose gels and compared with known
DNA concentration markers.

The extracted genomic DNA was amplified by polymerase
chain reaction (PCR), using the ITS2 (ITS2F, 5'-ATGCGATAC
TTGGTGTGAAT-3' and ITS2R, 5-GACGCTTCTCCAGAC
TACAAT-3'). PCR amplifications were carried out in a
volume of 20 uL using 1pL of template DNA (50-100 ng),
2uL of 10 x reaction buffer, 1.6 uL of dNTP mix (2.5 mM),
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1.25uL of 10uM of each primer, 0.2puL of Ex-Taq DNA
polymerase (Takara Shuzo Co., Ltd., Otsu, Japan), and 12.7 uL
of sterile distilled water. Reactions were run on a Veriti
thermocycler (Applied Biosystems, United States). The PCR
conditions for amplification consisted of one cycle of
denaturation at 95°C for 5min, 35 cycles of 1min of
denaturation at 94°C, 1 min of annealing at 55°C and 1 min
30 s of extension at 72°C, followed by an 8 min extension step
at 72°C. PCR products were electrophoresed on 1.5% (w/v)
agarose gels and purified through precipitation with 95%
ethanol and 3 M sodium acetate (pH 5.2). All the purified
PCR products were sequenced directly in both directions on
an ABI 3730XL automated sequencer (Applied Biosystem, Foster
City, CA, United States).

DNA Barcoding Analysis

Cutting and splicing of all ITS2 sequences, removal of the primer
region and low-quality regions, manual correction, and stitching
were performed by ContigExpress software. Then, the modified
ITS2 sequences were submitted to DNAMAN software to compare
the similarities of the samples. Finally, the modified ITS2 sequences
were aligned, and the inter/intraspecific genetic distances were
measured using MEGAX 10.2.4 software. A phylogenetic tree using
GenBank sequences as outgroups was constructed based on
standard parameters with bootstrap testing of 1,000 replicates.

HPLC Conditions

The medicinal powder precisely was weighed to approximately
1 g and placed in an Erlenmeyer flask; 50 ml of petroleum ether
(60-90°C) was added. Then, the sample was accurately weighed
and extracted with 30 min ultrasonication steps. After cooling
and adding petroleum ether (60-90°C) to compensate for the
decrease in weight, the sample was filtered. The resulting filtrate
was measured (10 ml of A. euchroma, 30 ml of A. guttata Bunge,
30 ml of A. tschimganica, and 30 ml of A. decumbens (Vent.)
Coss. et Kralik), evaporated to dryness, dissolved the residue in
acetonitrile, transferred to a 10 ml volumetric flask, and dissolved in

Authentication of Three Arnebiae Radix

acetonitrile. The sample was then transferred to a 10 ml volumetric
flask, diluted with acetonitrile to scale, shaken to mix well and
prepared for analysis. HPLC chromatographic conditions were
conducted as described by Ding et al. (Ding et al., 2019).

Chemometric Analysis

The reference chromatogram was generated using a Similarity
Evaluation System for Chromatographic Fingerprint of TCM
(Version 2012). Principal component analysis (PCA) and
hierarchical clustering analysis (HCA) were performed by the
professional software SIMCA 14.1 to demonstrate the variability
of the relative peak areas of bioactive compounds. Outliers were
identified and removed by DmodX.

RESULTS

Genetic Divergence Determination

The length of the aligned ITS2 sequences was 399 bp, and the
number of variable sites was 71 (Table 2). We used four parameters
to characterize divergence. The intraspecific distance of ITS2 was
0.0025-0.006, and the interspecific distance was 0.0745-0.0915.
Additionally, after grouping samples according to locality, the
genetic distance within a group was 0-0.0494, and the genetic
distance between groups was 0-0.0941. The analysis of the
distribution of genetic distance (Figure 1) showed obvious
barcoding gaps between samples, indicating that the ITS2
sequence has a strong ability to identify Arnebia genus
samples at the species level.

Identification of Arnebiae Radix by DNA

Barcoding

To identify the species of the 599 Arnebiae Radix samples more
accurately and visually, we constructed a neighbor-joining tree based
on the ITS2 sequences obtained from the samples and four
ITS2 sequences of Boraginaceae downloaded from NCBI
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FIGURE 1 | Genetic divergence of the ITS2 region of the three Arnebiae Radix species.

Frontiers in Pharmacology | www.frontiersin.org 13 July 2021 | Volume 12 | Article 677014


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xu et al.

Authentication of Three Arnebiae Radix

A2 ‘
AgQD)

Ad(TKs)

§ Ad(TKS)
..é‘ Ad(TKS)
§ Ad(TKS) 76
Q
(N Ad(TKS)
2 AN(TKS)

AJWS)

AJWS)

Ag(ML)

Ag(ML)

el

100 AW
AgYW)
AgWQ
Ag(WQ) N
Ag(WQ) y
Ag(QT) %
£
8
Ag(QT) Q
AgML) gﬂ
Ag(yw) N
o % ~—— o{§
= —~—— Agmy)

AgNg i )

A-euchroma(Royle)Johnst
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below the relevant branches. Some subtrees are compressed to show the samples completely in a picture. Ad, A. decumbens (Vent.) Coss. et Kralik; Ae, A. euchroma
(Royle) Johnst; Ag, A. guttata Bunge. Ad1:17 samples of Ad(FK),18 samples of Ad(KLMY),nine samples of Ad(SHW) and 15 samples of Ad(SHZ); Ad2:11 samples of
Ad(BEJ),14 samples of Ad(MQ),one samples of Ad(SHW), and one sample of Ad(FK);Ae1:19 samples of Ae(WQ), 14 samples of Ae(WLMQ), 19 samples of Ae(HJ),

16 samples of Ae(NLT),15 samples of Ae(XY), 20 samples of Ae(JH), 21 samples of Ae(HCH), 19 samples of Ae(GK) and 20 samples of Ae(ATSH);Ae2: six samples of
Ae(TSHKEG);Ae3: five samples of Ae(ML) ,20 samples of Ae(BCH) and 19 samples of Ae(AKS);Ag1: nine samples of Ag(NLK), and 17 samples of Ag(XY);Ag2: four
samples of Ag(TL), 14 samples of Ag(HJ), three samples of Ag(SHSH), and one samples of Ag(TSHKEG).

(Supplementary Table S1). The ITS2 sequences were divided
into mutually exclusive monophyletic clades. A. guttata
Bunge clustered into one subgroup, A. euchroma (Royle)
Johnst could be clustered into one group, and A. decumbens
(Vent.) Coss. et Kralik could be clustered into one group
(Figure 2). The pairwise distance analysis supports this
interpretation, revealing that ITS2, as a barcode, is able to
distinguish between the three species of Arnebiae Radix.

HPLC Fingerprint of Arnebiae Radix Samples
The results of the determination of seven naphthoquinones in
the roots of three species of Arnebiae Radix from different
habitats in Xinjiang are shown in Table 3. Naphthoquinones

were found in the roots of all three Arnebiae Radix species,
and there were differences among different species. The
total amount of naphthoquinones in Ae was the highest
(43.3505 mg/g), followed by that in Ag (11.4042 mg/g), and
the lowest amount (6.0462 mg/g) was found for Ad. It was
assumed that Ad was an annual herb, the rest were perennial
herbs, and the accumulation of each component in plants was
different. Ag and Ae both contain seven components, while
B-acetoxyisovaleryl acarnin P and P’-dimethylacrylamine
were not detected in Ad. According to the Chinese
Pharmacopoeia ~ (2020  edition), = the  content  of
(,p’-dimethylacrylamine in Arnebiae Radix should not be less
than 0.30%. This study found that this component in Ae and
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TABLE 3 | Content of seven bioactive components of the 35 Amebiae Radix samples. (Mmg/g).

L-shikonin Acetylshikonin p-Acetoxyisovaleryl Deoxyshikonin Isobutyryl B. 2- Total
acarnin shikonin p’-dimethylacrylamine methylbutyl
Shikonin
Ag(HM) - 0.69 1.0 - - 0.84 1.5 4.0
Ag(FY) - 0.46 0.74 - - 0.67 1.1 3.0
Ag(BLK) - 1.1 0.87 0.26 - 0.65 1.2 41
Ag(NLK) 0.10 1.6 3.0 0.19 0.38 0.73 2.4 8.4
AQ(TSHKEG) 0.57 8.1 9.8 0.58 2.0 1.3 11 34
Ag(QT) 0.12 2.2 1.3 0.29 - 1.6 1.9 7.3
Ag(HJ) 0.11 1.6 3.2 0.21 0.55 0.95 4.0 11
Ag(YW) - 0.96 1.0 0.23 - 0.82 1.4 4.5
Ag(SHSH) 0.94 2.9 14 0.21 1.8 1.33 15 36
Ag(TL) - 1.3 1.2 - - 0.44 1.0 4.0
Ag(ML) 0.15 3.3 0.81 0.23 - 0.55 1.1 6.1
Ag(QH) 0.14 1.5 1.6 0.26 - 1.31 2.1 6.9
AgWQ) - 0.61 1.2 - - 0.42 0.72 3.0
Ag(XY) 0.13 4.0 3.5 0.49 0.62 1.33 5.7 16
Average 0.28 2.2 3.1 0.29 1.1 0.92 3.6 11
Ae(WLMQ) 0.23 4.4 1.9 - 1.7 4.6 7.9 21
Ae(ML) 0.21 2.8 1.9 - 1.4 3.0 74 16
Ae(BCH) 0.25 2.7 1.3 0.23 1.2 3.0 6.6 15
Ae(NLT) 0.68 22 3.6 0.67 6.0 11 32 76
Ae(TSHKEG) 0.19 1.4 8.4 - 3.2 0.60 41 18
Ae(ATSH) 0.67 9.1 2.7 0.30 2.9 55 14 35
Ae(WQ) 1.07 9.4 3.7 0.37 8.6 8.0 17 48
Ae(HJ) 0.54 18.9 3.1 0.63 4.4 12 24 63
Ae(HCH) 0.68 12.6 5.4 0.36 74 41 17 47
Ae(JH) 0.75 12.2 4.7 0.69 6.8 5.1 15 46
Ae(GL) 0.80 20.0 4.2 0.64 4.2 14 26 70
Ae(AKS) 0.36 9.0 1.7 - 2.3 4.2 11 29
Ae(XY) 0.84 25.2 3.8 0.90 5.6 13 29 78
Average 0.56 1.5 3.6 0.53 4.2 6.8 16 43
Ad(FK) - 4.4 - 0.25 0.43 - 3.3 8.4
AJ(TKS) - 41 - 0.93 0.22 - 1.2 6.4
AdMQ) - 1.7 - 0.29 0.14 - 0.81 3.0
Ad(KLMY) 0.13 8.2 - 0.66 0.32 - 2.4 12
Ad(WS) - 2.5 - 0.21 0.25 - 1.8 4.7
Ad(SHZ) - 3.1 - 0.42 0.25 - 1.3 5.0
Ad(BEJ) - 2.4 - 0.20 0.32 - 2.4 5.3
Ad(SHW) - 1.5 - 0.20 0.22 - 0.92 2.8
Average 0.13 3.5 - 0.39 0.27 - 1.8 6.0

Ad, A. decumbens; Ae, A. euchroma (Royle) Johnst; Ag, A. guttata Bunge.

Ag met the pharmacopoeia requirements. This study will provide a
reference basis for exploring new drug sources.

To establish the chromatographic fingerprint, 35 Arnebiae
Radix samples from different species were analyzed under the
optimized  chromatographic  analysis  conditions.  All
chromatograms were matched through multipoint correction
and free matching, and the bottom sample was the reference
sample (Supplementay Figures S1, S2). The representative HPLC
fingerprints were so similar that it was difficult to separate the
three spaces visually (Figure 3).

Principal Component Analysis of HPLC
Fingerprint of Arnebiae Radix Samples
PCA, a multivariate method, is widely used in data analysis to
summarize variation, and is implemented as a data-reduction
technique to generate a visual scatter plot for the qualitative

evaluation of similarities and differences within multivariate
data. To differentiate all the Arnebiae Radix samples clearly,
we carried out PCA according using the data for the seven
common characteristic peaks. The score plot was structured
based on the first three principal components, which
accounted for more than 94.3% of the total variability. We
discarded the other principal components because they had
little effect on the model. The results showed that all samples
were divided into six groups according to their different
sources (Figure 4). Group 1 contained two samples
belonging to Ag, Group 2 contained four samples belonging
to Ae, and Group 3 contained four samples belonging to Ae.
Group 4 included five samples belonging to Ae, Group 5
included two samples belonging to Ad, and Group 6
included 12 samples belonging to Ag and six samples
belonging to Ad. The results were consistent with the HPLC
fingerprint analysis. The results of the HPLC-specific
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FIGURE 4 | Score plot of PCA of the 35 Arnebiae Radix samples. Ad, A. decumbens; Ae, A. euchroma (Royle) Johnst; Ag, A. guttata Bunge.

chromatograms combined with PCA were not as accurate as
those of DNA barcoding.

Hierachical Cluster Analysis of HPLC

Fingerprint of Arnebiae Radix Samples

HCA is one of the most commonly used unsupervised pattern
recognition methods, and 1is a useful multivariate
statistical technique. It can create a cluster tree to assign a
data set into groups according to similarity. To show the
degree of similarity and difference among the 35 Arnebiae
Radix samples more clearly, HCA was performed based on

the results of PCA of all common characteristic peaks.
As shown in Figure 5, all samples were divided into two
main clusters according to their similarities and differences.
Cluster one included three groups: Group 1 contained two
samples belonging to Ag, Group 2 contained four samples
belonging to Ae, and Group 3 contained four samples
belonging to Ae. Cluster two was divided into three groups:
Group 4 included five samples belonging to Ae, Group 5
included two samples belonging to Ad, and Group 6
included 12 samples belonging to Ag and six samples
belonging to Ad. Group 4 merged with Group 5 to form a
larger branch. All samples in the branch were gathered from
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decumbens; Ae, A. euchroma (Royle) Johnst;

Ad, Ae, and Ag. The results of the HPLC-specific
chromatograms combined with HCA were not as accurate
as those of DNA barcoding.

DISCUSSION

Arnebiae Radix, a commonly used herbal medicine in China, is
also widely used in the food and cosmetics industries. As the
ecological environment has been constantly destroyed, the wild
resources of Arnebiae Radix have been sharply reduced, and
cultivation is very difficult. There is a serious shortage of
Arnebiae Radix supplies, leading to a complex and confusing
market. The traditional classification method is based on the
roots, leaves, flowers, fruits, and other organs of plants. Due
to the lack of accurate identification characteristics, the
processed commodities only retain the root, which creates
great difficulties in the identification of Arnebiae Radix.
However, the accuracy of the original medicinal materials
is required to ensure the effectiveness and safety of clinical
medication. DNA barcoding technology techniques are not
influenced by organs, growth conditions, tissue differences or
the external environment, among other factors (Bhargava and
Sharma 2013; Mohammed Abubakar et al., 2017). In this study,
the DNA barcoding technique showed the ability to
scientifically and accurately identify the species. In the
preliminary experimental stage, another three sequences,
matK, rbcL, and ITS, were also considered, but it was found
that there were many nested peaks within ITS, and the variable
sites measured by matK and rbcL were not obvious. The
established PCR-RFLP method based on the ITS2 sequence
can identify A. euchroma (Royle) Johnst and A. guttata
Bunge, as well as other plants also named Zicao in China
(Qian et al,, 2019). Thus, we examined the ITS2 sequence

similarity, genetic distance and phylogenetic tree by using
DNA barcoding technology based on its ability to
differentiate Arnebiae Radix species. Our results suggested
that ITS2 can discriminate A. euchroma (Royle) Johnst, A.
guttata Bunge and A. decumbens (Vent.) Coss. et Kralik
(Figure 2). As one of the most important markers in
molecular phylogenetic research, the ITS2 sequence has
obvious sequence variation at the species level or subspecies
level, and it is an important candidate barcode for identification
at the species level or subspecies level (Sickel et al., 2015; Cheng
et al,, 2016).

HPLC-specific chromatograms were established, and the
contents of six hydroxyl naphthoquinones can be used to
distinguish the different origins of Arnebiae Radix herbs (Ke
et al., 2016). Therefore, we utilized HPLC methods to
differentiate the three Arnebiae Radix species. Our results
indicated that this method allows for the simultaneous
discrimination of the seven main naphthoquinones in these
samples. The lichen A. euchroma (Royle) Johnst shows high
intraspecific chemical variations in Xinjiang, while A. guttata
Bunge and A. decumbens (Vent.) Coss. et Kralikshow relatively
less variation (Table 3). This result could partly be explained
by the limited distribution of Ag and Ad, resulting in less
variation. Ag and Ad have restricted geographic distributions
in western and northern Xinjiang, whereas Ae has a rather
wide distribution around Xinjiang. However, the samples
could not be distinguished based on HPLC fingerprint
(Figure 3), PCA (Figure 4) and HCA methods (Figure 5).
Ecological factors, especially altitude, may be responsible for
this result. Additionally, other environmental factors, such as
light, temperature, air, soil, and moisture, also affect the
content of the chemical components of plants. To further
develop and utilize the plant resources of Arnebiae Radix, it
is necessary to study more about the how genetic and
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environmental factors influence the metabolites of Arnebiae
Radix.

In summary, this study has established a system for identifying
the three Arnebiae Radix species based on DNA barcoding and
chemical analysis methods. The results revealed that although the
HPLC method cannot differentiate these samples, DNA barcoding
can transcend the limitations of HPLC methods to ensure effective
and universal proof of medicinal plants from different species.
Similar results showed that DNA barcoding was a promising and
reliable tool for the identification of three kinds of Plumeria flowers
compared to HPLC-specific chromatograms, which are generally
used (Zhao et al.,, 2018). Thus, DNA barcoding is more powerful
than HPLC fingerprinting for species traceability in related species
that are genetically similar. Our findings may be useful for the
determination of naphthoquinones of Arnebiae Radix and provide
a reference for the identification of traditional Chinese medicine
based on DNA barcoding. Due to the narrow distribution of A.
tschimganica (Fedtsch.) G. L. Chu, no sample was used in this
experiment. It is necessary to expand the sample size and
investigate the corresponding response of different growth
periods and growing environments to provide a reference for
the quality control and expansion of new drug sources of
Arnebiae Radix.
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Non-digestible oligosaccharides (NDOs) from dietary sources have the potential as
prebiotics for neuroprotection. Globally, diverse populations suffering from one or the
other forms of neurodegenerative disorders are on the rise, and NDOs have the potential
as supportive complementary therapeutic options against these oxidative-linked
disorders. Elevated levels of free radicals cause oxidative damage to biological
molecules like proteins, lipids, and nucleic acids associated with various neurological
disorders. Therefore, investigating the therapeutic or prophylactic potential of prebiotic
bioactive molecules such as NDOs as supplements for brain and cognitive health has
merits. Few prebiotic NDOs have shown promise as persuasive therapeutic solutions to
counter oxidative stress by neutralizing free radicals directly or indirectly. Furthermore, they
are also known to modulate through brain-derived neurotrophic factors through direct and
indirect mechanisms conferring neuroprotective and neuromodulating benefits.
Specifically, NDOs such as fructo-oligosaccharides, xylo-oligosaccharides, isomalto-
oligosaccharides, manno-oligosaccharides, pectic-oligosaccharides, and similar
oligosaccharides positively influence the overall health via various mechanisms.
Increasing evidence has suggested that the beneficial role of such prebiotic NDOs is
not only directed towards the colon but also distal organs including the brain. Despite the
wide applications of these classes of NDOs as health supplements, there is limited
understanding of the possible role of these NDOs as neuroprotective therapeutics.
This review provides important insights into prebiotic NDOs, their source, and
production with special emphasis on existing direct and indirect evidence of their
therapeutic potential in neuroprotection.

Keywords: free radical, oxidative stress, prebiotics, non-digestible oligosaccharides, neuromodulation,
neuroprotection

INTRODUCTION TO PREBIOTICS AND ITS TYPES

A balanced diet with good nutrition and physical exercise confers beneficial effects on human health
and wellness. On the other hand, unhealthy lifestyle and environmental stresses can lead to several
associated challenges like the onset of various diseases including mental disorders. Currently, mental
disorders affect around 450 million people worldwide, causing neuro-cognitive breakdowns that are
the leading causes of poor health (WHO, 2019). Enhanced levels of reactive oxygen species (ROS)
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and insufficient antioxidant defense mechanisms to counter them
have been associated with the pathogenesis of various mental
disorders including anxiety, depression, schizophrenia,
Parkinson’s disease (PD), Alzheimer’s disease (AD), and many
others (Manoharan et al., 2016). Prebiotics are a group of non-
digestible oligosaccharides (NDOs) that are biotransformed by
beneficial colonic microorganisms (probiotics) with potential
health benefits to the host. Probiotics are live microorganisms
which, when administered in adequate amounts, confer health
benefits on the host. These gut-residing probiotics support the
host health by offering resistance to pathogens, regulating the
immune system, modifying insulin resistance and metabolic
profile (Kelly et al., 2015), and also influencing behavioral and
neurological functions (Hansan and Yang 2019). Prebiotics are
widely known to modulate probiotics in humans and animals,
with an overall beneficial impact on health. Although the focus of
the use of prebiotics was initially towards treating digestive
ailments over the last decade, the efficacy of prebiotics to
suppress ROS and to positively influence mental health via
modulation of gut-residing probiotics and through impact on
the gutbrain axis is also documented (Ansari et al, 2020).
Nutritional modulation of gut probiotics by prebiotics results
in the formation of key beneficial metabolites such as short-chain
fatty acids-SCFA, and inflammatory and immune markers which
potentially offer “distal” health benefits to the brain (Cerdo et al.,
2019). However, the challenge with understanding the possible
role of these prebiotic functional components in brain
development and function is the lack of clarity on the
metabolic function and benefits of the interaction of the
intestinal microbiota with the central nervous system (CNS).
Considering the therapeutic benefits and applications of
prebiotics, it is important to understand their neuroprotective
function to integrate them into health solutions and overall
wellness.

Definitions of prebiotics and global demand: Prebiotic
oligosaccharides are microbiota-modulating compounds as
they can serve as a carbon source that supports the growth of
probiotics, thereby conferring specific or selective change in the
gut to support host health via improvements in metabolic
functions (Carlson et al, 2018). There have been several
studies to develop prebiotics towards improving human health.
With the increased demand for healthier foods, the interest in
prebiotics has grown. The idiom “prebiotics” has caused some
discrepancy and confusion among consumers worldwide. The
term “prebiotics” was coined by Gibson and Roberfroid in 1995 as
“non-digestible food ingredients that can be useful, affecting the
host by selectively stimulating the growth and/or activity of one
or more limited number of bacteria in the colon, thus improving
host health (Gibson and Roberfroid 1995). In line with this
definition, only a few compounds of the carbohydrate group
mainly oligosaccharides, viz., fructo-oligosaccharides (FOS),
galacto-oligosaccharides (GOS), manno-oligosaccharides (MO),
xylo-oligosaccharides (XOS) are classified as potential prebiotics
(Davani-Davari et al, 2019). Since then many scientific
definitions of prebiotics have evolved. The present scientific

Neuroprotective Potential of Non-digestible Oligosaccharides

Probiotics (ISAPP) by a panel of experts from the domains of
microbiology, nutrition, and clinical research (Gibson et al.,
2017). The panel-defined prebiotics as a substrate that is
selectively utilized by host microorganisms conferring a health
benefit (Scott et al., 2020). Thus, according to the above scientific
consensus, for any compound to be called a prebiotic, it should
act as a substrate for health-promoting gut microorganisms and
must possess a physiological effect benefiting the host. In addition
to oligosaccharide-based prebiotics, dietary fibers such as
resistant starch, inulin, pectin, and beta-glucans also fit the
definition of prebiotics. This updated definition paves the way
for deepening our perception and understanding of prebiotics.

Regulatory agencies across the globe have their own
definitions for prebiotics. Almost all the regulatory and
scientific definitions consider prebiotics as dietary fibers
(Table 1). However, there is more than one prebiotic that will
not fall under the dietary fiber category (Carlson et al., 2018). The
U.S. Food and Drug Administration (USFDA) and Food and
Agriculture Organization/World Health Organization (FAO/
WHO) clearly distinguish between prebiotic dietary fiber and
other qualifying prebiotic compounds. The US-FDA defines the
prebiotic dietary fiber as isolated or synthetic non-digestible
soluble or insoluble carbohydrates with monomeric units > 3,
possessing physiologic effects that are beneficial to human health.
The FAO/WHO states prebiotic dietary fibers as carbohydrate
polymers comprising monomeric units (10 or more) that resist
hydrolysis in the human small intestine by the endogenous
enzymes. On the other hand, the US-FDA allows a biologically
based group of foods conferring health benefits on the host to
qualify as prebiotic compounds. On similar lines, the FAO/WHO
defines other qualifying compounds as prebiotics when any non-
viable food component results in conferring health benefits
associated with microbiota modulation. Conversely, other
regulatory agencies across the globe, viz., the Food for
Specified Health Use (FOSHU), European Food Safety
Authority (EFSA), Health Canada, and Food Safety and
Standards Association of India (FSSAI), have a general
definition for prebiotics (Table 1). These definitions make a
point that not all prebiotics are carbohydrates and all dietary
fibers are prebiotics (Davani-Davari et al., 2019). The criteria used
for categorizing a compound as prebiotics are that it should be
resistant to the stomach’s acidic pH, resistant to hydrolysis by
mammalian enzymes, can be fermented selectively by the
intestinal microbiota, promote the activity, and/or growth of
the microbes present in the intestine. A prebiotic fiber should
possess a degree of polymerization equal to or higher than 3
(Davani-Davari et al., 2019).

It has been difficult to assess and measure the global
consumption of prebiotics since they are found in varied food
groups from natural sources, viz., vegetables, fruits, milk, and
honey, to wide ranges of supplements (de Souza Aquino et al,
2017; Carlson et al., 2018). The prebiotics from natural sources
include resistant starch, GOS, FOS, XOS, POS, and other
oligosaccharides (de Souza Aquino et al, 2017). Without the
inclusive list of food ingredients on the food package,

definition of prebiotics was presented in 2017at the  epidemiologic tracking of prebiotic consumption pattern is
International ~ Scientific  Association for Prebiotics and  difficult to ascertain (Carlson et al, 2018). However, growing
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TABLE 1 | Regulatory definitions of prebiotic dietary fiber and other qualifying compounds.

Regulatory agency

United States-Food and Drug
Administration (US-FDA)

Definition of Prebiotic
Dietary Fiber

Synthetic or isolated non-digestible (soluble or insoluble)
carbohydrates made up of monomeric units > 3, and possessing

Definition of other
qualifying compounds as
Prebiotics

Biologically-based group of foods conferring health
benefits on the host

physiologic effects that are beneficial to human health

Food and Agriculture Organization/World
Health Organization (FAO/WHO)

Carbohydrate polymers comprising of monomeric units (10 or
more) that resist hydrolysis by the endogenous enzymes that

Non-viable food components that confer health benefits on
the host by modulating beneficial gut microbiota

naturally occur in the human small intestine

Food for Specified Health Use (FOSHU),

Japan

European Food Safety Authority (EFSA)
FAO/WHO)

Health Canada

Food Safety and Standards Association of

India (FSSAI), India FAO/WHO)

awareness of gut-brain connection and the consequential focus
on maintaining gut health have enhanced the demand and the
need for bioactive prebiotics (Hwang and Lee, 2019). Worldwide,
there is a substantial growth in prebiotics demand, and this is
anticipated to grow, beyond $7.5 billion by 2023 (Carlson et al.,
2018). Currently, there are no authorized dietary
recommendations for the adequate intake of prebiotics in
healthy individuals. To maintain gut health, most prebiotics
require an average oral dose of 3-5 g/day. However, daily dose
recommendations depend on the nature of the food containing a
prebiotic compound whether it is naturally present or specifically
added (de Souza Aquino et al., 2017). Scientific evidence indicates
that the consumption of inulin (5-8 g/day), FOS (3 g/day), and
GOS (4 g/day) led to a significant increase in fecal probiotic
bifidobacteria (de Souza Aquino et al., 2017).

Occurrence: Prebiotics exist naturally in several foods and can
also be synthesized commercially using various enzymes or
substrates (Lockyer and Stanner, 2019). Presently, a number of
prebiotics are being investigated, and majority of them belong to a
carbohydrate group and are generally oligosaccharide
carbohydrates  (Davani-Davari et al, 2019). These
oligosaccharide carbohydrates include FOS, GOS, IMO, MO,
POS, XOS, and chitin oligosaccharides (COS). FOS and GOS
are most in demand on the global market currently. Published
literature mostly discusses non-digestible oligosaccharide
carbohydrates (NDOs) and polysaccharide prebiotics, viz.,
inulin and resistant starch, which is well established to possess
prebiotic activity. There are reports on the effects of NDOs and
polysaccharide prebiotics on gut microbiota modulation (Dahiya
et al., 2017; Gibson et al., 2017). Inulin is shown to counter the
detrimental effects of high-fat diets on the mucus layer
penetrability and metabolic functions (Schroeder et al., 2018).
The mixture of FOS and GOS was able to modulate bifidobacteria
by suppressing Clostridium levels in the gut whereas GOS alone
enhanced Lactobacillus levels (Vandenplas, Zakharova and
Dmitrieva, 2015). In addition, there is also some evidence for
disaccharides such as lactulose and lactitol as potent prebiotics.
Lactulose, an isomer of lactose, was shown to modulate gut
microbiota by stimulating the growth of beneficial
microorganisms. Gibson et al. (2010) synthesized lactulose-

Principal food ingredient that is officially approved to claim its physiological effects on human body (Brown well et al., 2012)
Non-viable food ingredient that confers health benefits to host by modulating the gut microbiota (Definition adapted from the

Term “prebiotic” is allowed only for products that are required for an approved health claim
Non-viable food ingredient that provides health benefits to host by modulating the gut microbiota (Definition adapted from the

derived GOS, and lactulose was demonstrated to improve the
quality of human life suffering from hepatic encephalopathy
(Shukla et al, 2011). Investigations on evaluating the
neuroprotective therapeutic mechanism of lactulose are also
highlighted in the sections below (Lee et al, 2021). This
review discusses prebiotic NDOs production in the
introduction section, and their probable mechanisms/routes
through which they offer mental health protection are
highlighted in the subsequent section. Evidences in rodent
models and humans are explained by the observed therapeutic
effects of prebiotics. The probable mechanism through which
neuroprotection effect is observed is highlighted in a separate
section. The last section identifies the obvious gaps in current
knowledge and avenues for future investigations.

Prebiotic Oligosaccharide Carbohydrates

Prebiotic oligosaccharides are carbohydrates that are chemically
stable at a wide range of temperatures and pH and are classified as
non-digestible oligosaccharides (NDOs) (Singh et al., 2017). Health
attributes of prebiotic NDOs have been extensively reviewed and
are accepted worldwide (Figure 1). However, these effects have
been primarily observed towards the colon, but evidence indicates
that the NDO prebiotics have the ability to modulate beyond the
GIT. Beneficial gut microorganisms, viz., Lactobacillus sp. and
Bifidobacterium sp. selectively ferment NDOs, thereby producing a
wide range of metabolites in the gut, for example, short-chain fatty
acids (SCFAs), including butyric acid, acetic acid, and propionic
acid. (Hutkins et al,, 2016; Davani-Davari et al., 2019). These
SCFAs (straight or branched volatile fatty acids) as metabolic
products are reported to have beneficial effects on the human
body (Singh et al., 2017). Acetic acid (C2) is a key metabolite in the
ability of bifidobacteria to inhibit gut-related pathogens (Rios-
Covian et al., 2016). Treatment for subcutaneous adipose tissue
with propionic acid (C3) results in the downregulation of
macrophage markers (CD163 and MMP-9) and inflammatory
parameters, viz., TNF-a and IP-10 (Stinson et al., 2017; Rezaee,
2019). Butyric acid (C4) is reported to alter bacterial adhesion to
the gut wall by increasing mucus production (Jung et al,, 2015).
Therefore, SCFA appears to be very important in maintaining gut
barrier function and acts as a mediator in the link between
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nutrition, gut microbiota, and human physiology. A study by
Clarke et al. (2010) showed that prebiotic fermentation also
produces peptidoglycan that enhances the innate immune
system via downregulating bone-marrow-derived neutrophils
against Staphylococcus aureus and Streptococcus pneumoniae.
Thus, the effect of prebiotics on human health is mediated
through their fermentation products in the gut.
Fructo-oligosaccharides (FOS): FOS occur naturally in various
plant sources including onion, asparagus, Jerusalem artichokes,
and wheat. However, FOS concentration in these sources is not
sufficient to offer prebiotic activity, and therefore, there is a need
for its synthesis to provide a higher dose. FOS are commercially
produced using 2 processing methods: 1) batch production of
FOS wusing sucrose as a substrate and employing
fructosyltransferase (FTase) and 2) continuous production
using sucrose as a substrate and immobilized FTase (Ashwini
et al., 2019). Several microbes produce significant titers of FTase.
These include species in the genera of Aspergillus, Aureobasidium,
Penicillium, and Fusarium (Davani-Davari et al., 2019). FOS
produced from FTase are a mixture of oligosaccharides with a
degree of polymerization (DP) 3-5. Structurally, FOS consist of
fructose units linked to the terminal glucose via $-(1, 2) linkages.
Galacto-oligosaccharides (GOS) are commercially produced
from lactose by B-galactosidase. However, previous attempts in
commercial production of GOS using galactosyl-transferase were
not very successful and economical because galactosyl-transferase
is more stereoselective than [-galactosidase, and it requires
nucleotide sugars as the donor (Davani-Davari et al, 2019). A
wide range of microorganisms (bacteria, fungi, and yeast)
produce (-galactosidase, and this affects GOS production in
terms of the degree of polymerization (DP), amount of GOS
produced, and glycosidic linkages (Osman et al, 2012).
Structurally, GOS consist of oligosaccharides mixture
comprising of galactose units linked to a terminal glucose
moiety with DP ranging from 3 to 8 linked via., B (1-6), B
(1-3), and a (1-4) linkages (Torres et al., 2010; Vera et al., 2016).
Xylo-oligosaccharides (XOS): XOS occur naturally in honey,
bamboo shoots, milk, fruits, and vegetables (Acharya and
Prapulla 2010). XOS consist of xylose molecules connected by
B (1-4) linkages with DP ranging from 2 to 10. Xylan, being the

main hemicellulosic component in the lignocellulosic materials
(LCMs), represents a potential source for XOS production (Jain
et al., 2015). XOS can be produced by the hydrolysis of LCMs via
chemical, enzymatic, or combination of chemical and enzymatic
(chemo-enzymatic) methods at an industrial scale (Jain et al.,
2015). The enzymatic process for XOS production from xylan has
proven to be favorable for the manufacture of pharmaceutically
important and food-grade XOS using food-grade xylanolytic
enzymes (endo-xylanase, exo-xylanase, [-xylosidase, and
debranching enzymes) (Acharya and Prapulla, 2011; Mamo
et al, 2013). Attempts have also been made to use
immobilized xylanase to produce XOS with lower DP (2 and
3) for its potential biotechnological applications (Sukri and
Sakinah, 2018). Isomalto-oligosaccharides (IMO): IMO are
made up of glucose units linked through a (1-6) glycosidic
bonds using glucose units. Natural sources of IMO include
honey, miso, soy sauce, and sake. Commercially, it is
produced through a two-stage process using starch as a
substrate. Starch is first hydrolyzed to liquefied starch by using
a mixture of a-amylase and pullulanase. Then, a-amylase
hydrolyses liquefied starch to maltose. In the second stage
using the transglucosidase activity of a-glucosidase, IMO are
produced from maltose (Callaway and Ricke, 2011). Other
emerging prebiotic oligosaccharides: In addition to the above-
mentioned  well-researched NDOs, there are other
oligosaccharides too which are emerging and have good
potential. These include pectic-oligosaccharides (POS), manno-
oligosaccharides (MO), and chitin-oligosaccharides (COS). POS
are synthesized from pectin using pectinase. Many investigations
have been directed at the use of pectin-rich agro-industrial by-
products (citrus peel, orange peel, apple pomace) as a source of
POS (Babbar et al., 2016). MO are produced by enzymatic
hydrolysis of the commercial substrate using P-mannanase
(Singh et al., 2018). Attempts have also been made to produce
MO from mannan-rich agricultural by-products (Jian et al., 2013;
Jana and Kango, 2020). COS can be isolated from natural sources
or can be produced by chitin hydrolysis using chitinase (Ahmed
et al.,, 2012; Qin and Zhao, 2019). Recently, the neuroprotective
properties of feruloylated oligosaccharides (FOs) from maize
bran have been evaluated (Li et al., 2020).
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Ideal Physicochemical and Biological
Environment for Optimum Benefits of
Prebiotics

Prebiotics promote the activation of microflora in the intestine
and enhance the absorption of essential bioactive molecules
through fermentation or other enzymatic activity. Therefore,
the micro-environment in the gut plays a vital role in the
optimum benefits of these compounds. The majority of the
prebiotics are active at a pH range of 7.0-8.0. Other factors
including temperature, oxygen status, digestive enzymes, and
the presence of H,0, are also known to influence the activity of
both prebiotics and probiotics. Since fermentation is the major
process in the enhancement of the growth of probiotics by
prebiotics, the presence of antimicrobial peptides,
immunoglobulin A, microRNA, and fecal microbiota
transplantation are some of the non-specific host factors
known to influence the outcome (Hasan and Yang 2019) and
the host-associated factors are age, disease status, genetic
makeup, diet, and lifestyle. The presence of metal ions is also
known to influence the activity of prebiotics. Metal ions like
Mg**, Fe*" Mn®*, and Zn**mediate enzyme activation and
protein translation. Fe?* and Mn*" are said to be associated
extensively with the ribosome and can replace the activity of
Mg** (Bray et al., 2018). Therefore, it is essential to consider
host, external, and other factors (diet, lifestyle use of drugs and
antibiotics) while considering the health benefits or influence of
prebiotics on metabolic changes in probiotics.

METHODOLOGY

Biomedical literature databases (PubMed and Google Scholar)
were searched wusing neuroprotection, oligosaccharides,
prebiotics, non-digestible oligosaccharides, brain health,
oxidative stress, or neurodegeneration as keywords within the
article title. Peer-reviewed articles dealing with neuroprotective
prebiotic oligosaccharides were critically read and included in the
review. Research and review articles about preclinical or clinical
trials on the therapeutic potential of prebiotics in brain health
were analyzed for inclusion in this review. ClinicalTrails.gov
website was referred to analyze the articles on human trials.
At the preclinical and clinical level, analysis focused on prebiotics
type and dose, subjects, mode of administration, treatment
duration, and measurable biochemical outcomes.

THERAPEUTIC SPECTRUM OF PREBIOTIC
OLIGOSACCHARIDES AND THEIR
NEUROPROTECTIVE EFFECT: VALIDATED
EXPERIMENTAL EVIDENCE ON
PROBABLE MECHANISMS

Evidence in Animal Models
A substantial body of evidence suggests that SCFA produced via
the fermentation of prebiotic NDOs by colonic probiotics plays a
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key role in maintaining brain homeostasis (van de Wouw et al.,
2018; Silva et al., 2020). Results have indicated that approximately
500-600 nmol of SCFAs/day was produced in the molar
proportion of 60:20:20 of acetate, propionate, and butyrate,
respectively (Dalile et al., 2019). After their production in the
colon, SCFAs subsequently get rapidly absorbed by colonocytes
and the unabsorbed SCFAs get transported into the portal
circulation. Furthermore, a small amount of the colon-derived
SCFAs reaches the peripheral tissues and systematic circulation
(Boets et al., 2015). The complete mechanism of how SCFAs
influence brain function is not understood well.

Several animal studies have determined that SCFAs exert
prevalent effects on key neurological and behavioral processes
and are implicated in the crucial phases of neurodevelopmental
and neurodegenerative disorders (Dalile et al., 2019; Fung et al.,
2017) (Table 2). SCFAs influence brain functions by binding as
endogenous ligands to G protein-coupled free fatty acid
receptors (FFARs) and/or by inhibiting histone deacetylase in
the brain (Vijay and Morris, 2014; Dalile et al., 2019). Multiple
evidence has revealed that the functional SCFA receptors are
localized in the gastrointestinal mucosa and the CNS (Parada
Venegas et al., 2019). SCFAs are known to regulate systemic
function through the inhibition of histone deacetylase activity
(Lin et al., 2015). Histone deacetylase (HDAC) enzymes catalyze
the exclusion of acetyl groups resulting in the interaction of the
positively charged histones with the negatively charged DNA,
thereby leading to a transcriptionally repressive, more
compacted chromatin conformation (Licciardi et al., 2011).
Intracellular butyrate and other SCFAs are reported to
inhibit HDAC activity (Dalile et al., 2019), and the
intracellular HDAC inhibition signaling found in the gut and
remote organs is on binding to cell surface receptors (Stilling
et al., 2016). However, the mechanism of this signaling is not
clearly understood.

Psychiatric disorders including depression and anxiety are
closely associated with histone acetylation (Stilling et al., 2016). In
animal models, SCFA-induced histone hyperacetylation such as a
reduction in depressive behavior has been observed (Schroeder
etal., 2007; Wei et al., 2015). Schroeder et al. (2007) demonstrated
the ability of sodium butyrate (single dose: 1.2 g/lkg BW) as an
HDAC inhibitor in combination with a selective serotonin
reuptake inhibitor, fluoxetine (10 mg/kg BW, antidepressant
drug). Acute and chronic administration of sodium butyrate
alone or in combination with fluoxetine in mice (C57BL/6J)
for a period of 28days induced short-lasting histone
hyperacetylation in the hippocampus and frontal cortex,
thereby exerting anti-depressant like effects. On similar lines,
histone hyperacetylation following intraperitoneal injection of
sodium butyrate (1.2 g/kg BW daily for 4 weeks) in CK-p25 Tg
mice improved learning and memory in wild-type mice and in
mice with brain atrophy (Fischer et al, 2007). Conversely,
excessive levels of SCFA might have had adverse effects on
brain health and behavior. Elevations in propionic acid are
shown to induce autism-like symptoms in animal models
through the formation of propionyl coenzyme A (CoA) and
sequestration of carnitine (MacFabe, 2012; MacFabe, 2015). In
another study, prenatal and early life administration of propionic
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TABLE 2 | Selected in vivo studies at a preclinical level using prebiotics and/or their metabolites (SCFA) and probiotics to modulate brain physiology and function.

Prebiotics/Probiotics/SCFA Feeding
duration

Sodium butyrate (1.2 g/kg BW) in 4 weeks

combination with fluoxetine

(10 mg/kg BW)

Sodium butyrate (1.2 g/kg BW) 4 weeks

Propionic acid (500 mg/kg BW, twice 3 weeks

a day)

Sodium butyrate (1.2 g/kg BW) 5 weeks

GOS (4 g/kg BW) Postnatal
days (3-21)

E. faecium (4 x 10° CFU) 5 weeks

Inulin (860 mg/kg BW)

E. faecium + inulin (4 x 108 CFU +

860 mg/kg BW)

GOS (15 g/L) 3 weeks

Polydextrose-GOS (7 and 15 g/kg BW  Postnatal days

for mice and rats, respectively) (21-50)

Polydextrose-GOS (2 g/L each) Postnatal
days (2-33)

FOS GOS FOS + GOS (0.3-0.4 g/ 10 weeks

mouse/day)

XOS (10%) 12 weeks

L. paracasei HIIO1 (1 x 108 CFU)

Synbiotics (XOS + L. paracasei HIIO1; 1:

1 ratio)

Lactoferrin (0.3 g/100 g milk powder) Postnatal

Milk fat globule membrane (0.25 g/ days (2-31)

100 g milk powder)

Blend of polydextrose (1.3 g/100 g milk

powder)/GOS (3.5 g/100 g milk

powder)

FOS + XOS (3 g/kg/day) Gestation
days (0-19)

Inulin (2 g/kg/day) Gestation
days (0-19)

Inulin (2 g/kg BW, twice a day) Gestation
days (6-19)

FOs (200 ul) 4 weeks

COS (0.2 mM) 1 day

Model organism

C57BL/6J mice

CK-p25 Tg mice
Pregnant Long-Evans rats
Female ICR (CD1) mice

Neonatal rats

Sprague-Dawley male rats

SPF Sprague-Dawley
male adult rats

Weanling male C57BL/6J
mice SD rats LE rats
Translational piglet model

Male C57BL/6J mice

Male Wister rats

Piglets

Pregnant Wistar rats

Pregnant Wistar rats
Pregnant Wistar rats
Young adult female C57/
BL mice

C. elegans

Observation

Histone hyperacetylation in the hippocampus and frontal
cortex for short-term, thereby exerted anti-depressant like
effects

Histone hyperacetylation improved learning and memory
Enhancement in repetitive behavior associated with ASD

Increased histone H4 acetylation in hippocampus
facilitated amelioration of memory impairment
Alterations in BDNF levels, synaptic proteins
(synaptophysin, MAP2, and GAP43), and NMDAR
subunits (GIuN1, GIuN2A, GIuN2B)

Lower levels of pro-inflammatory cytokines and higher
levels of BDNF in the hippocampus region of synbiotic and
prebiotic treated animals Significant increase in butyrate
concentration after synbiotic and prebiotic
supplementation

Downregulated activation of microglial cells, thereby
reducing surgery-induced cognitive impairments
Improvement of memory and reducing anxiety-related
behaviors in normally developing rodents

Higher recognition memory

Improvement in brain chemistry and social behavior
related to anxiety and depression Enhanced levels of
SCFA in the caecum reduction in stress-induced
corticosterone levels in plasma Anti-anxiety levels in open
field and elevated plus-maze

Enhancement in brain mitochondrial function and synaptic
plasticity, thereby restoring cognitive function

Positively influenced brain development as evidenced with
neuroimaging outcomes

Enhanced exploratory behavior in the open field test
Reduction in acrylamide-induced oxidative stress markers
level

Reduction in acrylamide induced increase in oxidative
markers in the fetal and the brain tissues

Inulin supplementation diminished gestational rotenone
induced increase in oxidative markers in the regions of the
maternal brain and affected the whole fetal brain
Ameliorated behavioral recovery following spinal cord
injury via modulating the expression of inflammatory
mediators

Enhancement in the antioxidant potential with an increase
in dopamine levels, thereby attenuating monocrotophos
induced oxidative stress

References

Schroeder et al.
(2007)

Fischer et al. (2007)
Foley et al. (2014)

Takumaetal. (2014)

Williams et al. (2016)

Araiza et al., 2018

Yang et al. (2018)
Waworuntu et al.
(2014)

Fleming et al. (2019)

Burokas et al.
(2017)

Chunchai et al.
(2018)

Mudd et al. (2016)

Krishna et al. (2015)

Krishna and
Muralidhara (2015)
Krishna and
Muralidhara (2018)

Li et al. (2020)

Nidheesh et al.
(2016)

acid (500 mg/kg BW, twice a day for 3 weeks) to pregnant Long-
Evans rats on gestation days G12-16 resulted in enhanced
repetitive behavior in the open-field test contributing to ASD
(Foley et al., 2014). Prenatal exposure to valproic acid results in
autism spectrum disorder (ASD) with a spatial learning disability
and anxiety-like behavior. Interestingly, chronic treatment
(5weeks) to female ICR (CD1) mice with sodium butyrate
(1.2 g/lkg BW/day, ip.; starting at 4 weeks of age) reversed

valproic acid-induced ASD-like behavior in the offspring.
Increased histone H4 acetylation with sodium butyrate
administration in the mice hippocampus facilitated the
amelioration of the memory impairment in prenatally valproic
acid-exposed mice (Takuma et al, 2014). Therefore, these
research studies suggest that extreme care should be taken to
evaluate the potential use of SCFAs to treat ASD (Stilling et al.,
2016).
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Aging is associated with degenerative loss of neurons in the
CNS, ultimately leading to memory loss and impaired learning
(Romo-Araiza et al., 2018). Furthermore, it is also associated
with the reduced expression of brain-derived neurotrophic
factors (BDNFs) in the hippocampal region that is closely
associated with the regulation of synaptic transmission and
plasticity (Ryan and Nolan, 2016). Thus, aging is associated
with reducing levels of BDNF. The maintenance of sufficient
BDNF concentrations is suggested to delay the onset of cognitive
impairments (Pineda-Rodriguez et al., 2017). Several studies
have highlighted the role of prebiotics and their metabolites
(SCFA) in psychophysiological modulation via BDNF (Sarkar
et al,, 2016; Park et al., 2017; Haghighat et al., 2019; Heyck and
Ibarra, 2019). Williams et al. (2016) studied the effect of GOS
supplementation on brain development and maturation in
neonatal rats from the postnatal days (3-21). GOS
supplementation brought alterations in the levels of BDNF,
synaptic proteins (synaptophysin, MAP2, and GAP43) and
NMDAR subunits (GluN1, GluN2A, GluN2B) on postnatal
days (22 and 56). An increase in the levels of BDNF,
NMDAR subunit, GluN2A, and synaptic protein, viz.,
synaptophysin (but not MAP2) imply that neonatal GOS
supplementation alters neurotransmission instead of synaptic
architecture. Thus, the study confirms that prebiotic
oligosaccharides are capable of manipulating gut microbiota
in early life and its positive effects on the brain persist at least
up to young adulthood. On similar lines, Romo-Araiza et al.
(2018) investigated the modification of intestinal microbiota
through supplementation of prebiotics/probiotics/synbiotics
and thereby studied their effect on brain health. Middle-aged
Sprague-Dawley male rats were randomly assigned into 4 groups
and each group (one group served as a control) was
supplemented (5 weeks through oral gavaging) with either
probiotic Enterococcus faecium (4 x 10° CFU) or prebiotic,
inulin (860 mg/kg BW) or synbiotic, comprising of E. faecium
and inulin (4 x 10° CFU + 860 mg/kg BW). The impact of
probiotic, prebiotic, or synbiotic supplementation on spatial
and associative memory in middle-aged rats was assessed at
the end of the study. Their findings revealed that synbiotic and
prebiotic supplemented groups performed significantly better in
the spatial memory test. This improvement is correlated with
lower levels of pro-inflammatory cytokines and higher levels of
BDNF in the hippocampus region of synbiotic and prebiotic-
treated animals. A significant increase in butyrate concentration
after synbiotic and prebiotic supplementation is potentially the
reason for the enhanced levels of BDNF and progression of
spatial memory. Delta butyrate concentration for each group was
found as follows: control (0.45 + 0.008), probiotic (—-0.008 +
0.009), prebiotic (0.87 + 0.008), and synbiotic (1.17 + 0.01).
These values clearly indicated that the inulin supplementation
resulted in the improvement of butyrate concentrations.
Furthermore, a decrease in pro-inflammatory cytokine
concentrations and an increase in BDNF levels in the
hippocampus region offered a positive outcome. Thus, these
research findings clearly indicate that supplementation of
prebiotics alone or in combination with probiotics positively
impacts brain health via modulation of BDNF.

Neuroprotective Potential of Non-digestible Oligosaccharides

Microglia are reported to play a crucial role in brain
development and therefore represent the principal immune
cells in the human brain (Chen and Trapp, 2016). These cells
populate the CNS in utero and assist in brain development.
Once neuronal development is complete, they serve as resident
innate immune cells of the CNS and get activated only when the
CNS is challenged with injury, infection, and/or disease. During
the inflammatory state, microglial activation is not only
associated with neuroprotective effects (viz., phagocytosis of
dead neurons and clearance of debris) but also has neurotoxic
consequences (Polazzi and Monti, 2010). Thus, microglia are
the first cells to induce neuroinflammatory response and
thereby play a crucial role in the initiation of various mental
disorders (Yang et al,, 2018). It is found that postoperative
cognitive dysfunction, Alzheimer’s and Parkinson’s diseases are
associated with enhanced concentrations of pro-inflammatory
cytokines along with microglial activation in the brain
(Chunchai et al., 2018; Yang et al., 2018; Liu et al., 2019).
Recent studies have identified a communication link between
prebiotic NDOs and microglia. Yang et al. (2018) evaluated
whether  supplementation of GOS would attenuate
postoperative cognitive dysfunction and surgery-induced
neuroinflammation. To assess the effect of GOS
supplementation, abdominal surgery wunder isoflurane
anesthesia was performed on SPF Sprague-Dawley male adult
rats. Over the course of 3 weeks of the study, the GOS-treated
group received GOS at a dose of 15 g/L in water. At the end of
the study, supplementation of GOS significantly attenuated
surgery-induced cognitive impairments and downregulated
activation of microglial cells in comparison to the control
group. A detailed analysis of the gut revealed that GOS
supplementation significantly altered the diversity of the gut
microbiome and enhanced the proliferation of anti-
inflammatory microbes, viz., bifidobacteria.

Dietary oligosaccharides have shown potential to improve
memory, cognition ability, and social behavior (Waworuntu
et al, 2014; Collins and Reid, 2016). A mixture of
polydextrose-GOS fed to mice (15 g/kg BW) and rats (7 g/kg
BW) from postnatal days 21-50 showed increased positive social
interactions and higher object recognition index in comparison to
the control group. Thus, these results indicate the ability of the
tested prebiotics in the improvement of memory and reduced
anxiety-related behavior in normally developing rodents
(Waworuntu et al., 2014). The same mixture (2 g/L each) was
further evaluated by Fleming et al. (2019) in young pigs
administered from postnatal days 2-33. The study found that
early life consumption of this mixture supported higher
recognition memory. In line with this, the beneficial role of
FOS and GOS in stress-related behavior has been evaluated
(Burokas et al, 2017). Male C57BL/6] mice that received
either FOS, GOS, or both at a dose of 0.3-0.4 g/mouse/day for
10 weeks showed improvement in brain chemistry and social
behavior related to anxiety and depression. Moreover,
combination treatment was found to be more effective in
altering the microbial community, and this led to the increase
in SCFA levels in the caecum. Furthermore, marked reduction in
stress-induced corticosterone levels in plasma and anti-anxiety
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levels in an open field and elevated plus-maze were recorded. All
these evidences confirm the potential of combination treatment,
that is, polydextrose-GOS and FOS-GOS in the successful
reduction of anxiety-related symptoms.

High-fat diets can cause cognitive decline and microglial
hyperactivity in addition to obesity-induced insulin resistance.
In line with this, Chunchai et al. (2018) explored the effect of
prebiotics (XOS; 10%), probiotics (L. paracasei HIIOL; 1 x
10® CFU), and synbiotics (XOS + L. paracasei HIIO1; 1:1
ratio) on microglia in obese-insulin-resistant male Wistar rats.
Male Wister rats used in the study for 12 weeks were fed with
either a high-fat or normal diet. At the beginning of the 13th
week, the rats were randomly assigned into 4 subgroups in each of
the dietary treatments (vehicle, prebiotic, probiotic, and synbiotic
groups) followed by intervention with the assigned dietary
supplement. After 12weeks of treatment, the cognitive
function and microglial activation status of each rat group
were assessed. Prebiotic, probiotic, and symbiotic-fed groups
showed a significant decrease in high-fat diet-induced
cognitive impairments and microglia activation. Prebiotic,
probiotic, and synbiotic treatments could significantly reduce
microglial activation. Overall, the animals that received the
supplements had better cognitive functions in comparison to
the control group clearly suggesting that prebiotic, probiotic, and
synbiotic treatments could effectively attenuate cognitive
impairments and inhibit microglial activation thereby
conferring neuroprotection.

Like all other tissues in the human body, brain tissues require
oxygen to meet their energy needs. The human brain constitutes
2% of total body mass and needs 20% of total body oxygen
demand to support neuronal activity (Devi and Satpati, 2017).
The oxygen consumption rate of the normal human brain is
3.5 ml/min/100 g brain tissue (Rink and Khanna, 2011). The
brain is an active site for the production of free radicals from
reactive oxygen species (ROS) as a result of inefficiencies in
oxidative phosphorylation in the mitochondria (Black et al,
2015). An excessive level of free radicals can impair brain
function. Therefore, a balance between free radicals and
antioxidants is essential to support brain function from any
degeneration. Several defensive mechanisms exist to counteract
and protect brain cells against oxidative stress-mediated neuronal
degeneration such as upregulation of endogenous antioxidants
and removal of damaged proteins and organelles by autophagy
(Divyashri et al., 2015). However, higher rates of oxidative stress
can initiate the oxidation of proteins and lipids, thereby changing
their structure and functions that can subsequently result in cell
death (Dumitrescu et al., 2018; Lobo et al., 2010). Therefore, any
excess of free radical production due to oxidative stress could be
associated with damage to a wide range of molecular species.
Studies on prebiotic NDOs alone or in combination with
probiotics have the potential to modulate and counter
oxidative stress in the brain. This is gaining significant
attention and relevance as a strategy to treat/prevent
neurological ~ pathologies, including  Alzheimer’s and
Parkinson’s diseases.

Early life intake of key nutritional components (prebiotics)
enriches neurodevelopmental activities (Kao et al., 2016). The

Neuroprotective Potential of Non-digestible Oligosaccharides

beneficial effects of lactoferrin (0.3 g/100 g milk powder), milk fat
globule membrane (0.25 g/100 g milk powder), and a blend of
polydextrose (1.3 g/100 g milk powder)/GOS (3.5 g/100 g milk
powder) as potent prebiotics on the early developing brain are
elucidated using piglets (dosage from 2-31 days). It is notable that
dietary supplementation was well tolerated and positively
influenced brain development (Mudd et al, 2016). Krishna
et al. (2015) evaluated the physiological benefits of prebiotic
oligosaccharides during pregnancy. Attempts were made to
test the effectiveness of a prebiotic combination (FOS + XOS)
to attenuate acrylamide-induced oxidative impairments,
mitochondrial dysfunction, and neurotoxicity in maternal and
fetal rat brains. A dose of 3 g/kg/day of oligosaccharides (XOS and
FOS) was supplemented to pregnant dams (Wistar rats) during
the gestation period of 0-19 days. Simultaneously, the rats were
exposed to acrylamide (200 ppm in drinking water). Prebiotics
fed acrylamide dams displayed better exploratory behavior in the
open field test. Furthermore, prenatal assessment proved that
prebiotic supplementation could effectively restore acrylamide-
induced decrements of placental/fetal weights. In addition,
prebiotics supplementation could significantly lower the
markers of oxidative stress (ROS, reduced glutathione, and
protein carbonyls) and restore activities of antioxidant
enzymes (acetylcholinesterase and glutathione peroxidase), in
the maternal and fetal brains with a concomitant increase in
dopamine and y-aminobutyric acid levels. This study suggested
that prenatal prebiotic oligosaccharide supplements can
effectively safeguard the developing brain against acrylamide-
induced oxidative stress-mediated neurotoxicity.

Scientific evidence suggests that the consumption of prebiotic
oligosaccharides influences the human brain positively. The
influence of inulin supplementation during gestation in
acrylamide-induced oxidative impairments and neurotoxicity
in maternal and fetal rat brains was examined by Krishna and
Muralidhara (2015). Pregnant rats were co-fed with inulin
(2 g/kg/day; gestation days 0-19) and acrylamide at a dose of
0.2 g/L (gestation days 6-19). Their results revealed that inulin
supplementation could significantly increase placental weight
among acrylamide-exposed rats. A detailed analysis of
oxidative stress markers (ROS, hydroperoxide, lipid
peroxidation, reduced glutathione, and protein carbonyls)
revealed that inulin supplementation could effectively lower
acrylamide-induced increase in oxidative markers in the fetal
and the brain tissues. This study reveals the neuroprotective role
of prebiotic NDOs towards developmental neurotoxicants such
as acrylamide during pregnancy.

The impact of increased pesticide exposure on developmental
neurotoxicity due to entry into the immature brain is of concern.
Investigations have identified the influence of maternal gut
microbiota on utero fetal development by modulating the host
gut microbial composition with prebiotic NDOs. Krishna and
Muralidhara (2018) examined the beneficial role of inulin in a
developmental model of rotenone neurotoxicity. Pregnant rats
gavaged orally with inulin (2x/day, 2 g/lkg BW; during gestation
days 0-21), also received rotenone (50 mg/kg BW, gestation days
6-19) to potentially counter the developmental effects of general
fetotoxicity, cholinergic activities, and oxidative stress in maternal
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and whole fetal brain. It was found that inulin supplementation
resulted in a significant increase in maternal caecal bacterial
numbers, with a concomitant increase in exploratory behavior
among  rotenone-treated  rats.  Furthermore, inulin
supplementation diminished gestational rotenone-induced
increase in oxidative markers (ROS protein carbonyls and
lipid peroxidation) in the regions of the maternal brain
(cerebellum, striatum, and cortex), and the fetal brain. This
study indicates the prebiotics potential in lowering oxidative
stress-mediated neurodegenerative disorders.

Deterioration in neuronal survival and irreversible motor and
sensory dysfunction is reported to occur following spinal cord
injury. The neuroprotective effect of FOs (200 ul, 4 weeks) was
evaluated using the spinal cord injury model of young adult
female C57/BL mice. FOs modulated the expression of
inflammatory mediators (downregulated TNF-a, IL-2, IL-6, IL-
18 levels, and upregulated IL-10 and BDNF) and ameliorated
behavioral recovery following spinal cord injury. Furthermore,
the study demonstrated that FOs exhibited anti-inflammatory
and neuroprotective effects via the mitogen-activated protein
kinase signaling pathway with enhanced expression of BDNF
levels (Li et al., 2020).

Many studies have attempted to use models outside of the
rodent system to evaluate the neuroprotective potential.
Drosophila melanogaster is a small insect, encompasses
noteworthy cellular, molecular, and biological signaling
complexity with relevance to humans (Westfall et al., 2018).
Thus, Drosophila has become one of the prominent model
systems to evaluate neuroprotection. However, investigations
on the effect of NDOs on neurological disorders using
Drosophila are limited. Caenorhabditis elegans also represents
a model system for studying neuroprotective effects as it has
relevant homology with mammalian systems. However,
investigations on the NDOs effect on neurological disorders
using C. elegans are comparatively few. A study by Nidheesh
et al. (2016) tested the efficiency of chito-oligomers (COS) to
ameliorate monocrotophos-induced oxidative stress in C. elegans.
COS exhibited a significant neuroprotective effect by enhancing
the antioxidant potential of the brain and thereby attenuating
oxidative stress. But this systematic review provides an interesting
perspective on the current evidence base for the effects of
prebiotics on symptoms of oxidative stress reduction and
improving brain health using rodent models.

Evidence in Humans

Prebiotic administration at the clinical level to investigate their
central effects as neuroprotective agents is currently lacking (Kao
et al., 2016; Johnstone et al, 2021). However, we have
summarized the limited progress made in the clinical studies
with NDOs as medicinal therapeutics (Table 3). A study in 45
healthy male volunteers found that the consumption of FOS
(5.5 g/day) and GOS (5.5 g/day) for 2 weeks helped to proliferate
host gut microbiota with a reduction in salivary cortisol levels. In
comparison to FOS, GOS were more successful in regulating the
hypothalamic-pituitary—adrenal (HPA) axis to restore emotional
perturbations in healthy volunteers (Schmidt et al., 2015). This
study demonstrates the ability of prebiotic oligosaccharides in the
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reduction of anxiety-related psychological mechanisms. A
randomized double-blind study to assess the effect of short-
chain FOS (5 g/day; 4 weeks) on clinical outcomes of anxiety/
depression was performed on 79 irritable bowel syndrome (IBS)
volunteers. FOS significantly reduced anxiety by modulating gut
microbiota (Azpiroz et al., 2017). The influence of GOS (7.5 g/day
for 4 weeks) on gut microbiota to improve mental ailments, viz.,
anxiety and moodiness was evaluated in late adolescence and
early adulthood using healthy female volunteers (64 no.; aged
between 18-25years) (Johnstone et al, 2021). The authors
reported that through a dot-probe task, GOS reduced negative
emotional bias and increased positive bias associated with high
anxious participants. This finding was further supported by the
increased beneficial bacterial abundance the GOS
supplemented group.

It is proven at the preclinical level that the early life intake of
various prebiotic oligosaccharides supported
neurodevelopmental activities (Krishna et al, 2015; Fleming
et al, 2019; Upadhyay et al., 2020). However, at the clinical
level, these studies were examined with a smaller experimental
window. Preterm infants (77 no.) with a gestational age of <32
underwent a randomized double-blind trial and received a
mixture of short-chain GOS/long-chain FOS/pectic-derived
acidic oligosaccharides (1.5g/kg BW/day) through breast/
formula milk from day 3 to 30 (van den Berg et al, 2016).
Neurodevelopmental outcome at the corrected age of 2 years
revealed that the supplementation of the above mixture resulted
in no improvement in comparison to the placebo group. This is
attributed to the higher serum cytokine levels with lower
bifidobacterial counts indicating the importance of gut
microbiota in the immune response during the brain
development process. A similar observation was made by
LeCouffe et al. (2014) wherein enteral supplementation of a
prebiotic mixture (for the short term) displayed no beneficial
effect on neurodevelopmental outcome in preterm infants in the
first year of life. Although these studies are acknowledged for
conducting prebiotic research involving preterm infants, the
results seem not conclusive even though the beneficial effects
of early life intake of prebiotic oligosaccharides in rodent models
are well-established. Therefore, further studies are required to
evaluate the early life intake of prebiotic oligosaccharides on
neurodevelopment to draw accurate conclusions. The effect of a
prebiotic intervention on human mood, learning, affective, and
cognitive processes was previously reported. Smith et al. (2015)
involved 47 subjects (1 week) to evaluate the effect of
oligofructose-enriched inulin (5 g/day) on human well-being
and cognitive performance. Selective improvement following
inulin ingestion was observed with recall and recognition
memory. However, no effect on mood and sustained behavior
was observed.

Hemodialysis procedure is reported to have an adverse effect
on the patient’s mental health (Teles et al., 2014). Researchers in
this study were also making efforts to combine prebiotics with
specific probiotics for the formulation of a symbiotic mixture to
maximize their health benefits. To investigate the beneficial effect
of prebiotics/probiotics/synbiotics in hemodialysis patients
suffering from anxiety and depression, Haghighat et al. (2019)

in

Frontiers in Pharmacology | www.frontiersin.org

28

August 2021 | Volume 12 | Article 712531


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Divyashri et al.

Neuroprotective Potential of Non-digestible Oligosaccharides

TABLE 3 | Selected studies at a clinical level using prebiotics and/or their metabolites (SCFA) and probiotics to modulate brain physiology and function.

Prebiotics and/or Probiotics Duration Subjects Outcome References
FOS (5.5 g/day) 2 weeks 45 healthy male and female ~ Reduction in salivary cortisol levels Regulation of Schmidt et al.
GOS (5.5 g/day) volunteers HPA axis to restore emotional perturbations (2015)
FOS (5 g/day) 4 weeks 79 irritable bowel syndrome  Reduction in anxiety by modulating gut microbiota ~ Azpiroz et al.
(IBS) volunteers (2017)
GOS (7.5 g/day) 4 weeks 64 healthy female volunteers  Increased beneficial bacterial abundances Johnstone et al.
Reduction in negative emotional bias and increase  (2021)
in positive bias associated with high anxious
participants
Mixture of GOS/FOS/pectic-derived acidic Gestation 77 preterm infants with a No improvement in the neurodevelopmental van den Berg
oligosaccharides (1.5 g/kg BW/day) days (3-30) gestational age of less than ~ outcome was observed at the corrected age of et al. (2016)
32 weeks 2 years
Mixture of GOS/FOS and pectic-derived acidic ~ Gestation 93 preterm infants with a No beneficial effect on neurodevelopmental LeCouffe et al.
oligosaccharides (80% + 20%) days (3-30) gestational age of less than ~ outcome in preterm infants in the first year of life (2014)
32 weeks
Oligofructose-enriched inulin (5 g/day) 1 week 47 subjects Selective improvement was observed with recall Smith et al.
and recognition memory No effect on mood and (2015)
sustained behavior was reported
Probiotic mixture (5 g) of 2.7 x 10" CFU/g each 12 weeks 75 hemodialysis patients Reduction in depression associated symptoms with  Haghighat et al.

of L. acidophilus T16, B. bifidum BIA-6, B. lactis
BIA-7, and B. longum BIA-8

Prebiotic mixture: 5 g each of FOS, GOS, and
inulin

Synbiotic mixture: 15 g prebiotics and 5 g
probiotics

enrolled 75 patients for the study. The patients (n = 75) were
randomly assigned to synbiotic group (n = 25; prebiotics, 15 gand
probiotic mixture, 5g), probiotic group (n = 25; probiotic
mixture, 5 g and maltodextrin, 15 g), and a placebo group (n =
25; maltodextrin, 20 g). Probiotic mixture (5 g) comprised of 2.7
x 107 CFU/g each of Lactobacillus acidophilus T16,
Bifidobacterium bifidum BIA-6, Bifidobacterium lactis BIA-7,
and Bifidobacterium longum BIA-8. The prebiotic group
received 5g each of FOS, GOS, and inulin. Synbiotic
supplementation for 12 weeks resulted in a greater decrease in
depression symptoms measured as Hospital Anxiety and
Depression Scale (HADS) (HADS-DEP > 8) with a
concomitant increase in serum BDNF in comparison to the
probiotics and placebo groups.

Mechanism-Based Studies

SCFAs provide benefits to peripheral tissues, and therefore, the colon
is well supported, and it is also suggested that potentially they exert
crucial physiological effects on distal organs, including the brain
(Silva et al., 2020). SCFAs can cross the blood-brain barrier via
monocarboxylate transporters located on endothelial cells, and
hence, it can alter the neurotransmitter (y-aminobutyric acid
(GABA), and serotonin (5-HT)) and hormone concentrations
(glucagon-like peptide 1 (GLP1) and peptide YY (PYY)) by
promoting their secretion (Silva et al., 2020). In addition, they are
also reported to prevent neurodegeneration and promote neuronal
regeneration (Sampson and Mazmanian, 2015) and thereby have a
protective effect on the brain via direct and indirect means
(Figure 2). Direct pathways influencing brain function: SCFAs
can cross the blood-brain barrier to reach the brain, and the
average concentrations of butyrate and propionate in the human
brain tissue were found to be 17.0 and 18.8 pmol/mg of brain tissue,

a concomitant increase in serum BDNF levels in the
synbiotic treated group

(2019)

respectively (Silva et al., 2020). Further evidence suggests that SCFAs
can exhibit neuroactive properties in the CNS (Tran and Mohajeri,
2021). However, the mechanism by which these SCFAs offer
neuroprotection is still not clear. Indirect pathways influencing
brain function: Gutbrain axis is composed of the CNS, enteric
nervous system (ENS), afferent, and efferent neurons that are
associated with the signal transduction between the gut and the
brain (Chen et al, 2017; Liu et al, 2018). Numerous scientific
evidences indicate the widespread communication between the
gut and the brain via the gutbrain axis (Chen et al, 2013; Liu
et al,, 2015). The bidirectional communication between the gut and
the brain occurs through the vagus nerve, neuroimmune, humoral,
and neuroendocrine pathways (Sandhu et al., 2017). By interacting
with FFAR receptors on enteroendocrine cells, SCFA promotes
indirect signaling to the brain via the systemic circulation or
vagal pathways by inducing the secretion of neurotransmitters
(GABA and 5-HT) and gut hormones (GLP1 and PYY) (Silva
etal., 2020). SCFAs, particularly butyrate is known to influence brain
activity indirectly by acting through the gutbrain axis (Stilling et al,,
2016). Butyrate, with its ability to cross the blood-brain barrier, is
reported to activate the vagus nerve, thereby indirectly influencing
the brain by modulating host appetite and eating behavior (van de
Wouw et al, 2017). Furthermore, butyrate also modulates the
activity of cholinergic enteric neurons through epigenetic
mechanisms (Soret et al, 2010). Butyrate, upon binding to its
specific receptors in the intestine, is recognized to modulate
signals to the brain via the gutbrain neural circuit through cAMP
signaling pathways (Keenan et al., 2015).

Surgical trauma is reported to attenuate behavioral deficits,
thereby enhancing neuroinflammatory responses with reduced
SCFA and BDNF levels. The pretreatment effect (4 weeks) of
exogenous SCFA to restore physiological and behavioral deficits
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FIGURE 2 | Protective mechanism of prebiotic NDOs on the brain.

was studied using 8- to 10-week-old adult male C57BL/6] mice (Xu  ability of SCFA, more specifically butyrate in amelioration of
et al,, 2021). Mice were randomly assigned into 5 groups. First group ~ depressive behaviors by enhancing 5-HT and BDNF levels.
served as control; second group of mice received SCFA (67. 5 mM Intragastric injections of sodium butyrate for 2 weeks on chronic
sodium acetate, 25mM sodium propionate, 40 mM sodium  unpredictable mild stress (CUMS)-induced depression-like
butyrate); third group served as surgery control; fourth group  behaviors in male C57BL/B6 mice was studied (Sun et al., 2016).
underwent surgery and received SCFA (dose similar to the second It was observed that butyrate could ameliorate CUMS-induced
group); and fifth group received fecal microbiota transplantation. The  alterations in BDNF expressions, thereby offering anti-depressive
impact of SCFA supplementation prior to surgery on spatial learning ~ effects. Another validated mechanism by which SCFA offers
and memory was assessed at the end of the study. Their findings  neuroprotection is by modulation of the gut hormone release
revealed that pretreatment with SCFA prior to surgery partially  from enteroendocrine cells (Kao et al, 2016). SCFA produced
improved the locomotor activity and anxiety-like behaviors. SCFA  through the ingestion of prebiotic oligosaccharides modulates the
feeding has also been shown to result in the reduction of surgical ~ secretion of peptide tyrosine (PYY) and glucagon-like peptide-1
trauma-induced upregulation of IL-1p and IL-6 in the hippocampus ~ (GLP-1) from enteric L-cells. The effect of intra-colonic
region. Furthermore, upregulated levels of hippocampal Iba-1 levels ~ administration of propionic acid (180 mmol/L) on the release of
were downregulated, thereby suggesting that SCFA treatment could ~ GLP-1 and PYY was investigated using rodent models (male
effectively reverse microglial overactivation. This data clearly = C57BL6 Wistar rats). Analysis of plasma gut hormone profile
demonstrates the ability of exogenously administrated SCFA or  using radio-immunoassay revealed that the propionic acid
gut-derived SCFA in the restoration of microglial over-activation =~ administration stimulated the release of GLP-1 and PYY,
and modulation of neuroinflammatory responses to rescue surgical ~ thereby playing a significant role in the central effects (Psichas
trauma. et al, 2015). It is a well-established fact in animal models that
The neuroprotective effect of exogenously administered sodium  exogenous PYY influences behavioral and cognitive functions
butyrate was explored by Sun et al. (2016) using chronic  (Stadlbauer et al, 2015). Furthermore, PYY is also known to
unpredictable mild stress (CUMS)-induced male C57BL/B6 mice =~ modulate vagal nerve activity through local BNDF signaling
model. Sodium butyrate treatment (200 mg/kg BW, 2weeks)  pathways (Kao et al, 2015). In addition to the above studies on
reversed CUMS induced depressive status by enhancing BDNF  PYY secretion and modulation by SCFA, prebiotic oligosaccharide,
expression with a concomitant increase in 5-HT concentration in viz., GOS (6%; 3 weeks) are also known to induce the expression of
the hippocampus region of mice brain. These data clearly suggestthe  circulating PYY in male Wister rats (Overduin et al., 2013). GOS fed
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TABLE 4 | Mechanism-based evidences of prebiotics and/or their metabolites (SCFA) to modulate brain physiology and function.

Pathway Prebiotics and/or their
metabolites (SCFA)

Immune SCFA mixture (67. 5 mM sodium
acetate, 25 mM sodium propionate,
40 mM sodium butyrate)

Neural Sodium butyrate (200 mg/kg BW)

Endocrine  Propionic acid (180 mmol/L)

Endocrine  GOS (6%)

Neural Sodium butyrate (100 mg/kg BW/day)

Immune COS (200, 400 or 800 mg/kg BW)

Immune FOS (2.5 and 5%)

Neural FOS extract (50 and 100 mg/kg
BW/day)

Immune Sodium butyrate (300 mg/kg BW)

Neural Sodium butyrate (300 mg/kg BW)

Immune COS (0.1 ml/10 g BW)

Model

Surgical trauma-induced adult male
C57BL/6J mice model

Chronic unpredictable mild stress
(CUMS)-induced male C57BL/B6
mice model

Male C57BL6 Wistar rats

Male Wistar rats

BTBR mouse model of autism

Amyloid-p-1_sp-induced Alzheimer’s
disease (AD) rats
D-Galactose AD rat model

D-Galactose AD rat model

Hypoxic—ischemic-injured immature
rat model

Neonatal rat model of
hypoxia—ischemia

Neonatal rat model of
hypoxia—ischemia

Mechanism

Partial improvement in the locomotor activity and
anxiety-like behaviors by The upregulation of IL-1p
and IL-6 in the hippocampus region with the
restoration of surgery-induced microglial over-
activation.

Amelioration of CUMS induced alterations in BDNF
expressions, thereby offering anti-depressive
effects.

Modulates the secretion of gut hormones, PYY, and
GLP-1 from enteric L-cells

Elevations in the levels of PYY and GLP-P in colonic
mucosal, thereby influencing brain health
Promotes transcription of inhibitory pathway
transcripts via an increase in inhibitory
neurotransmitter genes (Drd2 and Gabrg1) with a
decrease in neuronal activation and excitatory
neurotransmitter marker genes (cFos Grin2b, and
Adral)

Reduction in the levels of IL-1p and TNF-a to
influence cognitive functions

Improvement in spatial learning and memory by
reducing A density in the cortex and hippocampus
with improvement in the plasma ascorbic acid level
in a dose-dependent manner

Enhancement in the levels of neurotransmitters
(norepinephrine, dopamine, 5-hydroxytryptamine,
and 5-hydroxyindole acetic acid) with down-
regulate the expression of AD-related intracellular
markers (Tau and AB1_40)

Stimulation of oligodendrocyte precursor cell
proliferation in the hippocampal dentate gyrus with a
reduction in the microglial cell number in the rat
ipsilateral hemisphere and enhancement in the
BDNF levels

Increased BDNF levels with enhanced activation of
the TrkB receptor (BDNF receptor) and the
phosphorylation of the transcription factor-CREB-in
the ipsilateral hemisphere suggests the involvement
of BDNF-TrkB signaling pathways

Inhibition of astrocytes and microglia activation by
reducing the expression of inflammatory markers,
viz., TNF-a and IL-1p, with an increase in the
expression of IL-10 protein

Reference

Xu et al. (2021)

Sun et al. (2016)

Psichas et al.
(2015)
Overduin et al.,
2013

Kratsman et al.,
2016

Jia et al. (2016)

Yen et al. (2017)

Chen et al. (2017)

Ziemka-Nalecz
et al. (2017)

Jaworska et al.
(2019)

Wu et al. (2017)

rats expressed elevated levels of PYY and GLP-P in colonic mucosal,
thereby influencing brain health. These studies clearly explain the
possible mechanisms by which NDOs and their products (SCFA)
modulate brain chemistry.

In rodent models, HDAC inhibition with altered GABAergic
signaling is closely connected to autism spectrum disorders (ASD)
(Stilling et al., 2016). The effect of butyrate (i.p. 100 mg/kg BW/day,
10 days) on ASD-associated social behavior was evaluated by
Kratsman et al. (2016) using the BTBR mouse model of autism.
Administered dose of butyrate affected genes involved in neuronal
excitation and inhibition. An increase in inhibitory neurotransmitter
genes (Drd2 and Gabrgl) with the decrease in neuronal activation
and excitatory neurotransmitter marker genes (cFos Grin2b, and
Adral) supports the fact that the butyrate promotes the transcription
of inhibitory pathway transcripts. Furthermore, the tested dose of

butyrate failed to induce any significant difference in histone
acetylation in the prefrontal cortex; however, there was an
increase in ASD-associated social behavior through the
modulation of the excitatory/inhibitory balance.

All these evidences prove that prebiotics and their metabolites
communicate to the brain via neural (vagus nerve, BDNF,
neurotransmitters), endocrine (HPA axis and associated
hormones), and immune (immune cells and markers, viz.,
TNF-a and IP-10) pathways (Table 4).

Specific Evidence in Neurodegenerative
Models

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder
characterized by cognitive and memory impairments (Kumar and
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Singh 2015). It also results in the formation of neurofibrillary
tangles from abnormally phosphorylated tau and abnormal
accumulation of amyloid plaques (Drummond and Wisniewski
2017). Animal models play a crucial role in defining disease-
associated mechanisms and have been of prime importance in
evaluating the effectiveness of novel therapeutic agents
(Drummond and Wisniewski 2017). In a rodent model of AD,
COS (chitosan oligosaccharides) (200, 400, or 800 mg/kg BW for
2 weeks) were found effective in reducing cognitive deficits in
amyloid-B-;_4,-induced rats. Inhibition of oxidative stress and
suppression of inflammatory response via the reduction in the
levels of IL-1p and TNF-a are reported to influence cognitive
functions (Jia et al., 2016). Similar observations were reported for
D-galactose AD rat models wherein supplementation of FOS (2.5
and 5% w/w; for 49 days) improved spatial learning and memory
by reducing AP density in the cortex and hippocampus with
improvement in the plasma ascorbic acid level in a dose-
dependent manner (Yen et al, 2017). A study by Chen et al.
(2017) indicated that FOS from Gynochthodes officinalis
(F.C.How) Razafim. &  B.Bremer exerted memory
improvements in adult male Sprague-Dawley rats model of
AD. They investigated the role of FOS extract in alleviating
symptoms of AD by targeting the microbiota effects of the
gutbrain axis. Rats were randomly assigned into 4 groups. The
first group served as control; the second group of rats received
D-galactose (100 mg/kg BW/day); the third group received low
dose of FOS extract (50 mg/kg BW/day) + D-galactose
(100 mg/kg BW/day); the fourth group received high dose of
FOS extract (100 mg/kg BW/day) + D-galactose (100 mg/kg BW/
day). FOS extract administration showed a marked effect on the
AD-associated cognitive behavior by improving oxidative stress,

enhancing  neurotransmitter  synthesis  (norepinephrine,
dopamine, 5-hydroxytryptamine, and 5-hydroxyindole acetic
acid) in rats. Furthermore, FOS administration could

significantly down-regulate the expression of AD-related
intracellular markers (tau and AP;_4,). This effect is attributed
to the fact that FOS extract administration could modulate the
interaction between gut ecology and brain physiology via the
gutbrain axis. The disaccharide, lactulose is reported to offer
beneficial effects towards AD. Pretreatment of lactulose offered
neuroprotection in the mice model by increasing the levels of the
autophagic pathways and decreasing neuroinflammation, thereby
attenuating short-term memory and the learning retrieval
associated with AD (Lee et al., 2021).

A significant number of research findings have demonstrated
the link between gut microbiota alterations on the onset of ASD.
The beneficial effect of probiotic administration in ASD children
is evaluated by many researchers as they are known to restore gut
microbiota and downregulate ASD symptoms. Probiotic strains,
viz., Lactobacillus acidophilus (Liu et al., 2017), Lactobacillus
plantarum (Shaaban et al, 2018), Lactobacillus rhamnosus
(Katuzna-Czaplinska Blaszczyk, 2012), and
Bifidobacterium longum (Niu et al, 2019) have shown
therapeutic potential towards ASD. In line with this, there
have been few studies that have examined the use of prebiotics
in ASD children (Grimaldi et al., 2018; Sanctuary et al., 2019).
Tolerability and efficacy of a probiotic strain (Bifidobacterium

and
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infantis; 20 billion CFU/d) in combination with prebiotic
oligosaccharides (bovine colostrum product) to improve
immune functions in ASD children and gastrointestinal co-
morbidities were evaluated (Sanctuary et al., 2019). Children
(9 no.) in the age group 2-11 with a history of frequent
gastrointestinal discomfort (constipation, diarrhea, and IBS)
were evaluated in the study (12 weeks). The study period
comprised of pro-prebiotic supplementation for 5 weeks,
followed by a wash-out period (2 weeks) and prebiotic
supplementation (5 weeks). Pro-prebiotic supplementation was
found to be well tolerated as assessed using the validated
questionaries on  pediatric  gastrointestinal = symptoms.
Reduction in gastrointestinal symptoms is attributed to the
reduction in IL-13 and TNF-a levels after supplementation.
Community-level analyses were performed to study how
supplementation affects gut microbiome enterotypes. It was
found that few participants shifted from Prevotella enterotype
levels to high Bifidobacterium enterotype levels. However, a
detailed analysis of the enterotype data revealed that the
treatment showed an inconsistent effect on enterotype levels.
Grimaldi et al. (2018) studied the effect of exclusion diets (gluten
and casein-free diets) and the impact of GOS (6 weeks) on gut
microbiota and metabolism in ASD children (30 no.; age group:
5-10). Combining GOS supplementation with an exclusion diet
resulted in a significant reduction in gastrointestinal discomfort
and anti-sociability scores. Prior to this, the same group of
researchers had validated the ability of GOS to alter gut
community positively (increased bifidobacterial populations
with enhanced levels of SCFA) in autistic children (Grimaldi
et al, 2017).

Neonatal hypoxic-ischemic brain injury is a leading cause of
neurodevelopmental disabilities in infants. Few research studies
have demonstrated the fact that HDAC inhibitors play a
beneficial role in adult ischemia models (Fleiss et al., 2012;
Ziemka-Nalecz et al, 2017). Ziemka-Nalecz et al. (2017)
evaluated the neuroprotective potential of sodium butyrate (as
an HDAC inhibitor) in the dentate gyrus of hypoxic-ischemic-
injured immature rats. Administration of 300 mg/kg BW sodium
butyrate (immediately starting after hypoxic exposure; for 5
consecutive  days) resulted in the stimulation of
oligodendrocyte  precursor cell  proliferation the
hippocampal dentate gyrus with a reduction in the microglial
cell numbers in the rat ipsilateral hemisphere and enhancement
in the BDNF levels in the ipsilateral hemisphere after
hypoxic-ischemic brain injury. All these observed parameters
demonstrated the neuroprotective effect of sodium butyrate
treatment in neonatal rats subjected to hypoxiaischemia. The
underlying mechanism for sodium-butyrate-induced HDAC
inhibition was explored using the neonatal rat model of
hypoxia-ischemia (Jaworska et al., 2019). Wistar rats (7 days
old) received sodium butyrate at a dose of 300 mg/kg BW for
consecutive 5 days, immediately after hypoxic exposure. The
neuroprotective effect of sodium butyrate in hypoxiaischemia
is attributed to the neurogenic effect associated with increased
BDNF levels with enhanced activation of the TrkB receptor
(BDNF receptor) and the phosphorylation of the transcription
factor CREB in the ipsilateral hemisphere. This study suggests

in
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that BDNF-TrkB signaling plays a vital role in sodium butyrate-
induced neurogenesis after hypoxiaischemia. The protective
effect of prebiotic NDO, COS (0.1 ml/10 g BW, injected for 2
consecutive days every 12 h after hypoxic exposure) in neonatal
hypoxicischemic brain damage was evaluated using Sprague-
Dawley rats (7 days) (Wu et al, 2017). Posttreatment with
COS resulted in the upregulation of antioxidant enzymes
(GSH-PX, SOD, and T-AOC) and downregulation of lactic
acid, MPO, and MDA levels in ischemic hemispheres.
Furthermore, COS treatment also inhibited astrocytes and
microglia activation by reducing the expression of
inflammatory markers, viz, TNF-a and IL-1P, with an
increase in the expression of IL-10 protein. In conclusion, this
study proves the ability of COS as a potential neuroprotective
compound against neonatal hypoxicischemic brain damage.

CURRENT LIMITATIONS AND FUTURE
PERSPECTIVE

Prebiotic NDOs are a broad category of beneficial compounds
supporting good overall nutrition that provide health benefits by
stimulating the growth of beneficial microorganisms (probiotics).
They support the carbon-based energy needs of intestinally
residing probiotics which results in products of metabolism
such as SCFAs that get released into the bloodstream. These
SCFAss are reported to have a beneficial effect on the GI tract and
other distal organs, viz., the brain. Minute quantities of prebiotics
that naturally occur in food may not be effective in conferring
health benefits. Therefore, strategies are being advanced to
produce prebiotics on an industrial scale and incorporate them
into designed food and supplement products for improved health
benefits. SCFAs produced through the process of bacterial
fermentation of prebiotics in the GI tract are hypothesized to
confer neuroprotection and sustain mental health by modulating
the physiology of the gutbrain axis through various neuro-
immunological pathways. Studies have suggested that the
gut-brain axis which links and aligns the CNS and ENS,
corresponds to a key bidirectional pathway in conferring
neuroprotection. The ability of prebiotics to regulate CNS
processes through direct and indirect mechanisms by
normalizing the gut microbiota, and they offer beneficial effect
against various disorders including mental health which
ultimately shape cognitive behavior and function. Research
advances to date using animal models, though neural (vagus
nerve, BDNF, neurotransmitters), endocrine (HPA axis and
associated hormones), and immune (immune cells and
markers, viz., TNF-a and IP-10) pathways, have been
identified to be associated with prebiotic NDOs gutbrain
communication. There is an essential need for other
mechanistic pathways to be explored. SCFAs influence brain
function by inhibiting HDAC activity and enhancing BDNF
levels. The available literature has indicated butyrate to be an
HDAC inhibitor, and other SCFA, viz., propionic acid when
administered at a larger dose has shown autistic (ASD)-like
symptoms. Thus, in-depth research studies are required to
evaluate the potential use of SCFAs to treat ASD. A thorough

Neuroprotective Potential of Non-digestible Oligosaccharides

understanding of the functional effects of prebiotics and their
metabolites (SCFAs) in gutbrain interactions would support the
design and development of novel prebiotic therapeutic targets for
treating various neurological ailments. A limited number of
publications support the fact that peptidoglycan, another
prebiotic fermentation product, offers health benefits by
influencing the innate immune system against host pathogens
(Clarke et al., 2010). However, in-depth studies are required to
evaluate the beneficial role of this metabolite. Even though there
is a long history of safe consumption of prebiotics, more research
is needed on the safety and toxicity considerations of various
prebiotic NDOs, especially as novel prebiotics emerge in the
market. FOS (> 20 g/day) are reported to enhance the fecal output
with flatulence, bloating, abdominal pain, cramps, and diarrhea as
side effects. However, these side effects are unlikely to occur when
FOS administered is below 20 g/day (Serra et al., 2019). Studies
exploring 90 days oral toxicity using animal model found that
GOS up to 5,000 mg/kg BW/d resulted in a decrease in food
consumption (7-13%) with no significant adverse toxicological
effects attributed to clinical pathologies (blood biochemistries,
hematology, coagulation, and urinalysis) (Anthony et al., 2006).
A single dose of XOS (5,000 mg/kg BW) was found to be well-
tolerated and non-toxic in the acute oral toxicity studies
(Boonchuay et al, 2021). In line with this, tolerability and
toxicity studies for other prebiotics are still underway. Despite
promising preclinical findings, prebiotics have demonstrated
limited efficacy in the management of behavioral symptoms at
the clinical level. Preliminary evidence available at the clinical
level supports the fact that prebiotic NDOs are capable of
improving brain function and behavior. However, the studies
are mainly of short duration (4-12 weeks) and are limited to
healthy, young, and middle-aged adults. More research is needed
to identify safe and effective dose, delivery method, and duration
of application particularly among diseased adults and the geriatric
population. Even though early life intake of various prebiotic
NDOs is validated to support neurodevelopmental activities at
the preclinical level, however, at the clinical level, the results seem
to be detrimental. Thus, more reproducible and rigorous research
is needed to evaluate early life intake of prebiotic NDOs on
neurodevelopmental outcomes to draw an accurate conclusion.
Finally, the available preclinical and clinical studies advance the
potential application of prebiotics and/or probiotics and their
combination as therapeutics in the treatment of brain disorders.
Easier production, formulation procedures, and storage
advantages in comparison to probiotics make prebiotics
promising candidates for promoting better health. Further
research on effective formulation with clinical studies is
essential to advance the important potential of prebiotics to
improve brain health and wellness and advance them as
essential therapeutic candidates to incorporate in dietary and
nutraceutical formulations.
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Plant polyphenols have promoting health features, including anti-mutagenic, anti-
inflammatory, anti-thrombotic, anti-atherogenic, and anti-allergic effects. These
polyphenols improve the immune system by affecting the white blood cell proliferation,
as well as by the synthesis of cytokines and other factors, which contribute to
immunological resistance. Olive trees are one of the most famous trees in the world.
Whereas, olive olive oil and derivatives represent a large group of feeding resource for farm
animals. In recent years, remarkable studies have been carried out to show the possible
use of olive oil and derivatives for improvement of both animal performance and product
quality. In vivo application of olive oil and its derived products has shown to maintain
oxidative balance owing to its polyphenolic content. Consumption of extra virgin olive oil
reduces the inflammation, limits the risk of liver damage, and prevents the progression of
steatohepatitis through its potent antioxidant activities. Also, the monounsaturated fatty
acids content of olive oil (particularly oleic acid), might have positive impacts on lipid
peroxidation and hepatic protection. Therefore, this review article aims to highlight the
nutritional applications and beneficial health aspects of olive oil and its effect on poultry
production.

Keywords: Health, olive oil, poultry, nutrition, feed

INTRODUCTION

Plant-derived supplements are usually used to improve the public health and growth performance of
animals (Elwan H. A. M. et al,, 2019; Alagawany et al., 2019). The active molecules of plant seed oils
can activate the immunity and enhance the secretion of digestive enzymes (Reda et al., 2020;
Alagawany et al., 2021. (Nutrients and phytochemicals, especially polyphenols and fatty acids have
shown to improve the immune system, rendering the development of dietary approaches for non-
pharmacological prevention and management of the diseases (Alagawany et al., 2020a; El-Tarabily
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etal., 2021). One of such non-pharmacological substances is olive
(Olea europaea L.) fruit and its by-products, including olive oil,
which is isolated by the physical methods or by solvent extraction
or reorganization processes. The European Union (EU)
regulations (EEC Regulation 1513/2001; EU Regulation No.
29/2012 and EU Regulation 1348/2013) classify and define
olive oil into different types such as: Virgin olive oil (VOO),
Extra Virgin olive oil (EVOO), refined olive oil, olive oil, olive-
pomace oils and lampante olive oil. Particularly, EVOO
containing glycerol or saponifiable fraction represents about
90-99% of the oil. Fatty acids represent the major portion of
the saponifiable compounds, mainly including monounsaturated
fatty acids (MUFAs), where oleic acid make up to 80% of the total
oil. Polyunsaturated fatty acids (PUFAs) constitute 3-22% of the
olive oil, where saturated fatty acids (SFAs) and linoleic acid from
8 to 26% of it (Quintero-Florez et al., 2015). Moreover, olive oil
also contains minor phytochemical compounds that have many
biological functions and represent 1-2% (La Lastra et al., 2001).

The positive effects of EVOO are attributed to its higher
MUFA contents, especially oleic acid, which has shown several
favorable properties (Bermudez et al.,, 2011). MUFAs have the
ability to modulate the immune response and can be useful in
treating certain autoimmune diseases and in general regulation of
immunity (Miles and Calder, 2015). Polyphenols of olive oil may
be associated with some properties, including hypoglycemics,
anti-atherogenic, antitumor, anti-inflammatory,
immunomodulatory, and antiviral properties which are partly
attributed to the antioxidant effect of these products (Rigacci and
Stefani, ~ 2016).  Also,  hydroxytyrosol ~ (HT)  ((3,4-
Dihydroxyphenyl)ethanol) is a polyphenol found in extra
virgin olive oil (EVOO) and red wine. It has a strong

antioxidant effect due to hydrogen donation, and it can
enhance radical stability. Humans, as well as cellular and
animal models, have been researched for the positive benefits
of HT, most notably in connection to EVOO intake. Aside from
its antioxidant potential, this polyphenol has been linked to a slew
of other benefits. The purpose of this study was to evaluate the
major characteristics of HT for human health, with a focus on
those linked to the potential prevention and/or treatment of
noncommunicable illnesses (Echeverria et al., 2017). Besides,
unsaturated fatty acids can perform critical biological activities
such as anti-persistent role and positive impacts on endothelial
function and regulation of specific parameters for inflammatory
diseases (Cdrdeno et al, 2014). A variety of wastes and
byproducts are produced during the olive oil processing
process. The main ones with significant nutritional and
technological interests are olive pomace, olive mill waste
waters, olive leaves, and olive stone and seed (Nasopoulou and
Zabetakis 2013; Nunes et al., 2016; Nasopoulou et al., 2018). In
this review, we reviewed existing information of olive oil and
derivatives positive health uses and prospective effects on poultry
production in this review (Figure 1).

METHODOLOGY AND CRITERIA USED

The current review was based on literature and patents already
available on various scientific databases highlighting the
nutritional applications and beneficial health aspects of olive
oil and its effect on poultry production. The databases
included under study were PubMed, Medline, PubMed
Central, Science Direct and few other scientific databases. The
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information obtained through these diverse databases is
compiled, critically interpreted and presented in the current
study. The following inclusion criteria were used: 1) articles
from any year, referring to any country; 2) articles that
contained the clear information; and 3) articles in English.

Anti-Inflammatory Activity of Olive Oil
Inflammation plays a driving role in the pathogenesis and
prevalence of the joint degenerative diseases. Hence, it is
imperative to control inflammation through proper
pharmacological measures. The regular consumption of olive
oil may alter inflammatory markers and cytokines associated
with coronary artery disease (Patrick and Uzick, 2001). These
beneficial and health-promoting effects of olive oil are attributed
to its polyphenolic contents which have potent anti-mutagenic,
anti-inflammatory, anti-thrombotic, anti-atherogenic and anti-
allergic effects. Plant polyphenols have shown to decrease the
morbidity or/and slow down the development of
neurodegenerative and cardiovascular diseases. Approximately,
36 phenolic constituents are found in EVOO, including mainly
oleocanthal, carotenes, hydroxytyrosols, oleuropein and tyrosol.
These beneficial compounds, when get entry into the brain,
exhibit neuroprotective actions by their potent anti-
inflammatory, antioxidant and antiapoptotic properties (de
Souza et al, 2017; Shi et al,, 2017; Farooqui and Farooqui,
2018). A concentration of 284-711 mg/kg oleocanthal is
present in EVOO. Oleocanthal plays an exclusive role in
perpetual anti-inflammatory characteristics. Oleocanthal has
gained attention of scientific community due to its well-known
pharmacological properties. It has been found to inhibit the
spread of neuro-degenerative and joint-degenerative diseases
through various mechanisms. Oleocanthal in conjunction with
other phenolics exhibits a neuro-therapeutic potential, which
ultimately reduces neurodegenerative diseases in populations
that consume EVOO on a regular basis. Hence, a continuous
intake of EVOO is advised by researchers to promote human
health (Parkinson and Keast, 2014).

Ibuprofen is well recognized to show a positive impact on the
markers of neurodegenerative disease (Parkinson and Keast,
2014). Cyclooxygenase (COX) is a kind of oxidoreductase
enzyme involved in the regulation of platelet and kidney.
However, the long term use of low doses of ibuprofen and
other COX cause severe side effects leading to strong
inflammatory effects. In-vivo and in-vitro reports suggest that
the phenolics from EVOO positively influence the inflammation,
antioxidant status, and antimicrobial activity (Cicerale et al,
2012). Extra virgin olive oil contains compounds which can
induce a localized irritation in the oropharyngeal region
because of the perceptual similarities, hence produce an anti-
inflammatory action similar to Ibuprofen (Beauchamp et al,
2005). The use of naturally occurring non-steroidal anti-
inflammatory drugs (NSAIDs), like oleocanthal, may alleviate
inflammation and contribute towards a substantial reduction in
the development of chronic inflammatory diseases (Parkinson
and Keast 2014). Similarly, oleocanthal has been considered as
natural NSAIDs for an effective cure for the degenerative
joint disease (Scher et al., 2007). Indeed, oleocanthal displays
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an anti-inflammatory action in the body equivalent to
ibuprofen, as it works on exactly the same pathways as a
non-steroidal anti-inflammatory drug. Hence, EVOO is a potential
NSAID replacer of ibuprofen (Beauchamp et al., 2005).

Frying results in the production of free radicals in
conventional cooking oils, which cause inflammation in the
body after consumption. Generally, the Mediterranean people
use 25-30 ml of vegetable oil in cooked foods and salad dressings
(Corona et al., 2009). An excessive use of conventional oil in food
products can cause substantial increase in body weight (BW), and
a plethora of obesity related diseases. However, olive oil has been
found beneficial in counteracting the obesity-related diseases
(Scoditti et al., 2019). The higher price of EVOO than
conventional cooking oils limits its frequent use. However, its
therapeutic benefits make it a cost-effective alternative in the long
run. EVOO is much resistance to high temperatures and contains
essential antioxidant compounds which scavenge free radicals,
hence perform potent anti-inflammatory actions (Dick, 2018). In
vivo study by Molnar et al. (2021) stated that olive oil at a dose of
0.3 g/animal/day had the cell membrane protective and anti-
inflammatory effects. Due to its effective anti-inflammatory
action, regular intake of olive oil has shown provide relief
rheumatoid arthritis, which is an autoimmune disease
characterized by inflammation and pain of joints (Wahle,
2004). Moreover, the combined intake of fish and olive oils
effectively controlled rheumatoid arthritis as compared to the
intake of dietary fish oil alone (Berbert et al., 2005).

Chemopreveintive Effects of Olive Oil

Olive oil has been reported to provide protection against
leukemia in children and many types of cancer, such as the
colon cancer and esophageal squamous cell cancer (Mosby et al.,
2012). The dietary olive oil has shown to reduce the number of
cancerous lesions and number of tumors (Grosso et al., 2013). It
has been observed that the fatty acids present in olive oil can
reduce the production of prostaglandins which in turn, can
potentially inhibit the tumor development and production (de
Souza et al, 2017). MUFAs of olive oil have the ability of
positively altering the fatty acid profile in the animal body
(Stark and Madar, 2002; Nakbi et al., 2010). Chemo-preventive
property of olive oil has been associated with its phenolic
contents, including hydroxytyrosol 3, 4-
dihydroxyphenylethanol), (p-hydroxyphenylethanol) tyrosol
and phenolic alcohols, as well as their secondary derivatives
p-HPEA-EDA  (oleocanthal),  oleuropein, p-HPEA-EA
(ligstroside aglycon), 3,4-DHPEA-EA (oleuropein aglycon) and
3,4-DHPEA-EDA (Bendini et al., 2007). Moreover, polyphenols
have shown to slow down the development and progression of
cancer. These polyphenols can modify the immune system
through proliferation of white blood cells as well as by the
synthesis of cytokines and other factors, which contribute to
the immunological resistance (Ding et al., 2018). Various in vivo
and in vitro reports have suggested that the olive oil might reverse
or inhibit cancer progression owing to its phenolic and
polyphenolic contents which scavenge free radicals or other
reactive oxygen species (Wahle et al., 2010). Dietary EVOO
has shown to decrease the incidence of different types of

Frontiers in Pharmacology | www.frontiersin.org

40

August 2021 | Volume 12 | Article 723040


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Bilal et al.

cancer such as breast, prostate and digestive system cancers
(Psaltopoulou et al., 2011).

Oleocanthal, a kind of natural phenolic compounds present in
EVOO, is a robust anti-inflammatory agent (Beauchamp et al,,
2005). It has become a center of interest in cancer prevention
programs, because it can be used as a potent natural
cyclooxygenase (COX) inhibitor. It has the capability of
breaking the inflammatory cascade by reducing the secretion
of COX inflammatory enzymes (Zarghi et al., 2011).

Hydroxytyrosol  (3,4-dihydroxyphenylethanol, HTyr) is
another powerful polyphenol obtained from olives and its
derived products that has been reported to exert anticancer
activities (Vilaplana-Pérez et al., 2014). In mice, no mortality
or morbidity was found with an aqueous extract of olive-pulp
containing pure HTyr (about 1,400 mg/kg mg/day for 90 days)
(Christian et al,, 2004). The HTyr exerted anti-proliferative
impacts on human colon carcinoma cell lines. Moreover, it
significantly promoted the regulation of glomerular filtration
rate in human with colorectal adenocarcinoma (Terzuoli et al.,
2016). Furthermore, HTyr also acts as an effective cytotoxic factor
against cancer cell lines in the breast. It arrests the cell cycle in the
GO0/G1 stage by lowering the concentration of cyclin D1 (Han
et al., 2009).

Oleuropein inhibited the cell growth and induced apoptosis in
different cancer cell lines (Emma et al, 2021). Oleuropein
(125 mg/kg of diet), another potent polyphenol, has anticancer
property. It has shown anticancer activties in human cancer cell
lines (Sepporta et al., 2014). Oleuropein possesses potent anti-
breast cancer properties, as demonstrated against the mammary
tumor MCF-7 cell line (Hassan et al., 2013; Sepporta et al., 2014).
The anti-breast cancer property of oleuropein is attributed to
cytochrome P450 enzyme, which is a potent aromatase inhibitor
and is a significant pharmacological target in the breast cancer
therapy (Neves et al, 2007). Furthermore, it has shown to
enhance (>1000-fold) the sensitivity of trastuzumab-
conditioned SKBR3/Tzb100 breast cancer cells (Rigacci and
Stefani, 2016).

Antimicrobial Activity of Olive Oil

An antimicrobial agent is a substance that kills or inhibits the
spread of microorganisms. Polyphenols are bioactive molecules
that have been well documented for their antimicrobial and
antioxidant activities (Zbakh and Abbassi, 2012). In vitro
studies have shown that olive oil contains substantial phenolic
contents, with strong antimicrobial and antioxidant activities
capable to reduce the growth and propagation of several
bacteria. The HTyr content of olive oil has the capability of
reducing the growth of a variety of harmful microorganisms. The
beneficial properties of olive include some antiatherogenic,
hypocholesterolemic, antitumor, antihypertensive,
cardioprotective, anti-inflammatory, antiviral, antimicrobial,
antioxidant and hypoglycemic properties (Cayan and Erener,
2015). A remarkable antimicrobial response with the intake of
olive extract has been attributed to its polyphenolic contents
(Ritchason, 2000). Oral doses of pulverized olive leaves have been
used to treat the malarial infections (Benavente-Garcoa, 2000).
Polyphenols have shown to negatively affect the growth and
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propagation of Bacillus cereus and Klebsiella pneumoniae,
Salmonella  typhi and Escherichia coli (Appendini and
Hotchkiss, 2002). Moreover, the growth and propagation of
both Gram negative Pseudomonas syringae and Gram positive
Corynebacterium michiganense have also been successfully
inhibited by the treatment with co-products derived from the
processing of olive oil (Capasso et al., 1995). In vivo application of
olive oil and its derived products indicated a positive oxidative
balance due to the presence of polyphenols (Soni et al., 2006).
Dietary olive oil showed a possible antimicrobial activity against
intestinal and respiratory infections (Sudjan et al, 2009).
Campylobacter induces food related human campylobacteriosis
(European Food Safety Authority, 2015).

Hepatoprotective Activity of Olive Oil

The liver is a multifunctional organ which regulates the internal
chemical environment of the body (Thirumalai et al., 2011). The
liver controls the absorption and metabolism of medications and
other xenobiotics in the body by purifying and removing them,
hence, protects the body against external contaminants (Saleem
et al., 2010). Ortiz et al. (2020) indicate that the hydroxytyrosol
prevents the development of liver steatosis and the associated
mitochondrial dysfunction induced by high-fat diet. The liver is
often affected by free radicals, which induce the onset of liver
cancer, cirrhosis, hepatitis and other diseases (Ilavenil et al.,
2015), which lead to morbidity and mortality. These issues
highlight the need to explore the potential of plant-derived
products as hepatoprotective and therapeutic agents (Saeced
et al, 2021). Historically, olive oil has been a primary
ingredient in the Mediterranean diet. The Mediterranean diet
has been suggested to prevent the metabolic syndrome associated
with the liver (Martinez-Gonzéilez and Sanchez-Villegas, 2004).
Antioxidant properties of olive oil play a remarkable role in
reducing the malignant neoplasms (Rodriguez-Rodriguez et al.,
2006). Moreover, anti-inflammatory and antioxidant properties
of olive oil are useful in protecting the humans from various
ailments (Fang et al., 2008). Another favorable influence of the
Mediterranean diet is its rich energy contents mainly derived
from MUFAs portion of olive oil. The palmitate and oleate are
main fatty acid esters found in the normal liver. The proportion of
linoleate and linolenic acids was reduced in patients that suffer
from alcoholic fatty liver. Moreover, concentration of oleate is
higher in the normal liver as compared to fatty liver and after liver
biopsies (Aghdassi et al., 2007). Moreover, dietary MUFAs (from
olive oil) have shown to control the hepatic steatosis mainly
through activation of PPARa and PPARy by reducing insulin
resistance while enhancing lipid oxidation (Soriguer et al., 2006).
EVOO contains oleic acid and polyphenols, which have been
reported to exert protective impacts on the liver in several
experimental models, particularly in animal studies and cell
cultures (Pirozzi et al, 2016) These components of olive oil
have also shown to prevent various hepatic disorders, like
hepatic fibrinogenesis, hepatocyte ballooning, and liver
steatosis, hence aid in prevention of hepatic tissue damage
induced by CCl4 (0.6 ml/kg, intraperitoneally (i.p.)) twice a
week for 6 weeks (Han et al., 2016). The MUFAs in EVOO
play a pivotal role in the treatment and prevention of liver
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steatosis, induced by CCl4 (0.6 ml/kg, intraperitoneally (i.p.))
twice a week for 6 weeks, both alone or in combination with other
components such as n-3 PUFAs particularly pdocosahexaenoic
acid (DHA, C22:6 n-3) and eicosapentaenoic acid (EPA, C20: n-
3) (Valenzuela et al., 2016). The consumption of EVOO reduces
the inflammation, inhibits the risk of liver damage, and prevents
the progression of steatohepatitis through the antioxidant action
of its polyphenolic contents (Rincén-Cervera et al, 2016).
Moreover, it has also shown to remarkably control the CCl,-
induced liver cirrhosis in a rat model. Moreover, Wang et al.
(2014) demonstrated that EVOO consumption reduced the
derangements in hepatic tissue, as well as decreased the
formation of fibrous tissue in rats intoxicated with (0.1 ml/
100 g body weight, 1:1 mixed with soybean oil) CCl,. The
mechanisms responsible for decreasing hepatic fibrosis by
using EVOO include reduction in lipid peroxidation and
expression of a-smooth muscle actin (a-SMA), a protein that
participates in the structure of cell (Wang et al., 2014). Another
anticancer effect of polyphenolic contents of EVOO was also
reported by Vilaplana-Pérez et al. (2014). Moreover, the risk of
hepatocellular carcinoma was limited through inhibition of the
enzyme xanthine oxidase by HTyr accompanied by a decline in
superoxide anion production, which protected against DNA
damage (Zhao et al,, 2014). Another study reported that about
10-80 uM of HTyr precursor oleuropein found in EVOO when
added to human hepatoma cell lines exhibited a dose-dependent
increase in the cellular apoptosis, as well as inhibition of colony
formation and cell growth, which resulted in the PI3K/AKT
pathway inactivation (Yan et al., 2015). Sdnchez-Calvo et al.
(2021) reported a clearly imply a link between the production
of NO,-OA from EVOO and the observed improvement in
mitochondrial function in NAFLD. NO,-FA formation may be
responsible for the health advantages linked with EVOO intake.

Ischemic/Reperfusion (I/R) is a condition in which an organ is
temporarily or permanently deprived of blood flow for a specific
duration of time. In the ischemic condition of the liver, there is
less supply of oxygen to hepatic tissues. Moreover, there is a
transformation of hepatocellular metabolism to anaerobic
pathways that persuades a pro-inflammatory condition, which
makes the tissue susceptible to reperfusion (Jaeschke, 2003). The
constituents of EVOO have been reported to reduce the hepatic
I/R injury (Pan et al,, 2013). Moreover, combined treatment of
olive oil with camel milk in mice exhibited hepatoprotective
action against single dose (500 mg/kg) of acetaminophen-
induced hepatotoxicity owing to the pronounced antioxidant
action (Ibrahim et al., 2017).

Regarding, liver steatosis progresses into non-alcoholic
steatohepatitis (NASH) under persistent oxidative stress
conditions, (Videla et al.,, 2004; Rolo et al.,, 2012) a last-stage
disease of the liver, the AR EVOO supplementation provides an
appropriate therapeutically strategy to prevent or resolve the
development of liver steatosis. An iron-rich diet causes
oxidative stress in the liver, with increased lipid peroxidation
and protein oxidation, responses associated with mitochondrial
dysfunction and membrane unsaturation, the latter effect
triggering a drastic increase in the SREBP1c/PPAR- ratio with
the development of hepatic steatosis, thus representing a type of
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nonalcoholic fatty liver disease (NAFDL). In this situation, AR-
EVOO supplementation corrected IRD-induced alterations,
resulting in an efficient anti-steatotic natural product, the
protective benefits of which may be attributed to the
molecular pathways established by its primary components,
namely, HT, OA, tocopherols, and PUFAs (Barrera et al., 2018).

The oxidative stress is defined as an imbalance of metabolic
and radical constituents called reactive (chlorine, oxygen or
nitrogen) species at the cellular level (Elwan H. et al, 2019
Elnesr etal., 2019). Olive oil has been shown its excellent potential
to effectively mitigate liver oxidative stress through regulation of
various pathways (Kyle et al., 1987). The rich MUFAs content of
olive oil (35% ethanol solution of 3 g/kg body weight) positively
influenced the lipid profiles and peroxidation of hepatic
mitochondria in rabbits (Kasdallah-Grissa et al., 2008). No
doubt that EVOO has remarkable health boosting properties,
which are mainly associated with its abundant MUFAs and
polyphenolic contents. Studies have shown that olive oil
enhances circulating lipoproteins which are less sensitive to
peroxidation hence decreases risk of onset of diseases in the
human body (Kasdallah-Grissa et al., 2008; Necib et al., 2013).
Similarly, Berrougui et al. (2015) reported that cholesterol efflux,
a way of transferring intracellular cholesterol and improvement
in the high-density lipoprotein-cholesterol is observed in
individuals consuming the olive oil. Ortiz et al. (2020)
indicated that the combination of docosahexaenoic acid and
hydroxytyrosol prevents the development of liver steatosis and
the associated mitochondrial dysfunction caused by a high-fat
diet, highlighting the importance of this protocol as a therapeutic
strategy for preventing disease progression into more irreversible
forms characterized by the absence of adequate pharmacological
treatment.

Dietary supplementation with virgin olive oil (VOO) at either
low or high dose in rats caused a significant decrease in the serum
triglycerides, total cholesterols, low density lipoprotein (LDL),
and glucose, but increased high density lipoprotein (HDL) levels.
This positive effect was attributed to its higher content of MUFAs
(such as oleic acid), which exerted beneficial effects on the
cardiovascular system of the male albino rats (Farahat et al,
2019). The MUFAs content of the olive oil exhibited an important
role in modulating atherosclerosis, which ultimately affected the
lipid profile and peroxidation in the hepatic mitochondria of
rabbit (Massimo et al., 2009; Qian et al., 2016).

Benefits of Olive Oil on Kidney

Natural compounds and medicinal herbs are playing a vital role
in the control and prevention of many communicable and viral
diseases (Dhama et al., 2018; Tiwari et al., 2018). It is well known
that the VOO effectively inhibits the progression of
nephrotoxicity induced by various chemical agents as dietary
VOO and olive leaf extract have shown to control the
nephrotoxicity in animal models (Abdel-Gayoum et al., 2015;
Khalatbary et al., 2017). Cyclosporine may cause side effects like
nephrotoxicity and the scientific community is searching for its
replacement with some natural agents. It was found that the
combined use of olive oil (1.25ml/kg/d virgin olive oil) and
naringenin, (100 mg/kg/d naringenin), respectively, reduced the
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cyclosporine-induced (25 mg/kg/d cyclosporine) nephrotoxicity
by improving renal functionality and reducing the concentration
of serum urea and creatinine in rats during a 45 days treatment
period (Elshama et al., 2016). In another study, EVOO (2 ml/kg/
day) reduced the signs of nephrotoxicity in rats exposed to
ethopon (150 mg per kg daily) and improved the antioxidant
and health status (Mokhtari et al, 2020). Moreover,
administration of EVOO markedly reduced the tumor necrosis
factor a (TNFa), interleukine-1, interleukine-6, uric acid,
creatinine and urea levels in the serum and reduced the lethal
effects caused by mercuric chloride (HgCl,) in the kidney (Necib
et al., 2013).

According to Nekooeian et al. (2011), the control of
nephrotoxicity and other diseases by olive oil feeding may be
attributed to its phenolic compounds which behaved as potent
lipid peroxidation inhibitors in addition to its ability to work as
chelators which prevented toxicity by detoxifying metal ions.
Various reports suggested that dietary VOO or its derived
products have the therapeutic ability to address kidney related
diseases in animals (Abdel-Gayoum et al., 2015; Khalatbary et al.,
2017).

Human and experimental animals are contagiously suffering
from renal toxicity due to the excessive use of a large number of
pesticides and drugs (Ullah et al, 2018). Amikacin (a
semisynthetic aminoglycoside antibiotic) is used to treat
Gram-negative infections; however, it is known to cause
nephrotoxicity (Abdel-Gayoum et al, 2015). In a study on
rats, amikacin significantly increased the serum values of urea
and creatinine, while co-administration of OLE and VOO
significantly decrease their values, providing protection against
amikacin-induced nephrotoxicity (Abdel-Gayoum et al., 2015).

Anti-Neurodegenerative Effects

Neurological diseases like stroke, Parkinson’s and Alzheimer’s
diseases, are serious concerns for human health. These ailments
share frequent pathological appearances, such as the induction of
inflammation, abnormal protein aggregation, apoptosis,
oxidative stress, excitotoxicity and perturbed Ca®" homeostasis.
There is a large body of evidence supporting the favorable impacts
of the Mediterranean diet in the prevention of neurodegeneration
in humans (Angeloni et al., 2017). Mediterranean diets impart
beneficial effects on human health owing to its rich polyphenolic
contents of EVOO (Angelon et al., 2017). Notably, olive oil has
been reported to have a positive influence on Parkinson’s Disease
as the polyphenols present in olive oil can modify a different
cellular mechanism involved in the onset and development of the
disease (Sarrafchi et al., 2016; Maher, 2017).

The most critical and active component of olive oil is
oleuropein, which has shown to reduce the cell damage,
apoptosis and oxidative stress in PC12 cells induced by 6-
OHDA in an in vitro model of Parkinson’s disease. Moreover,
olive extract (400 and 600 pg/ml) or oleuropein (20 and 25 pg/ml)
exhibited neuroprotective effects on PCI12 cells subjected to
150 uyM  6-OHDA. (Pasban-liabadi et al, 2013). Similarly,
HTyr is another active component of olive oil which has
shown to reduce the 5-S-cysteinyl-dopamine levels induced by
monoamine oxidase inhibitors, which supported the clinical
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therapy of the Parkinson’s disease (Vauzour et al., 2010). Since
most of the investigations have been conducted in cell cultures, in
vivo experiments are required to prove the protective impacts of
phenolic contents of olive oil that have been detected under
in vitro studies. Furthermore, it would be essential to detect the
protective impact of this oil in Parkinson’s disease.

Multiple Sclerosis (MS) is a complicated neurodegenerative
ailment of the central nervous system that causes inflammation,
axonal and oligodendrocyte injury, blood-brain barrier
breakdown, demyelination and gliosis (Browne et al., 2014).
Globally, the prevalence of MS has increased substantially
from 2.1 million in 2008 to 2.3 million in 2013 (Browne et al.,
2014) and it represents the first reason for disability in young
individuals after traumatic brain injury (Sospedra, 2005).

Olive oil is suggested to be a powerful tool to cure and treat MS
disorders in patients (Riccio et al., 2010). Similarly, Amyotrophic
Lateral Sclerosis (ALS) is a progressive complex of neurological
diseases refers to spinal cord muscle weakness and adversely
affects the brain, causing paralysis and death due to constriction
of respiratory muscles (Shneider, 2001). In this perspective, olive
oil intake has been reported to delay the onset of ALS, while
improving the motor performance and increase muscle fiber area.
Moreover, supplementation of (20%, w/w) extra virgin olive oil
folive oil upgraded the muscle status as confirmed by the
augmented expression of myogenic regulatory factors (MRFs)
(MyoG and MyoD) and reduced endoplasmic reticulum stress
(Olivan et al.,, 2014).

De Paola et al. (2016) suggested that the phenolic extract
derived from the commercial olive oil may modulate Toll-like
receptor 4 signalling pathway involved in the pathogenic
mechanisms of ALS. Furthermore, it is well endorsed that
phenols of olive oil were able to provide neuroprotective
impacts associated with modulation of inflammation. The
positive impacts of olive oil or its phenolic components on the
neurological problems through addressing different cellular
pathways have been widely studied. Olive oil and its essential
compounds such as oleuropein, ployphenol, HTyr, tyrosol and
oleocanthal have been frequently investigated regarding their
effects on the spinal cord and acute brain injuries.
Additionally, tyrosol, oleuropein, and HTyr have been shown
to decrease apoptosis, infarct volume and mitigate the outcome of
these damages.

Finally, olive oil has various potent effects including
antimicrobial, antioxidant, immunomodulatory, anticancer,
anti-inflammatory, hepatoprotective, anti-neurodegenerative,
neuroprotective, and other beneficial health effects. We
summarized the biological effects and health benefits of olive
oil in Table 1.

Application of Olive Oil and Derivatives in
Poultry Nutrition

Health benefits and potential uses of olive oil and derivatives in
poultry nutrition are illustrated in Figure 2. The phenolic
components and carotenoids found in olive oil are naturally
lipophilic and hydrophilic (Mahmoud et al, 2013). The
phenolic components of olive oil such as oleuropein or HTyr
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TABLE 1 | Biological effects and health benefits of olive ail.

Activities

Antioxidant position, and
antimicrobial activity

Antiobesity and Anti-hyperglycemic
effect

Immunomodulatory

Anti-neurodegenerative effects

Antimicrobial effect

Antioxidant and renoprotective

Antioxidant and Neuroprotection

Growth enhancer and
immunomodulatory effect

Anti-cancer and antitumor

Anti-cancer effect

Hepato-protective effect

Results/Mechanisms

Phenolics of EVOO positively influence the inflammation, antioxidant position,
and antimicrobial activity

EVOO is much resistant to high temperatures and contains essential
antioxidant compounds which scavenge free radicals, hence perform anti-
inflammatory roles

The excessive use of conventional oil in food products increased body weight,
and a plethora of obesity related diseases. Olive oil has been found beneficial in
counteracting the obesity-related diseases

Moreover, the dietary 5% olive oil increased serum HDL concentration, but
decreased triglyceride level

Polyphenols of olive oil modify the immune system by increasing white blood
cell proliferation, as well as by synthesis of cytokines and other factors, which
contribute to immunological resistance

Phenolic extract derived from the commercial olive oil may modulate Toll-like
receptor 4 signal pathway involved in the pathogenic mechanisms of
Amyotrophic Lateral Sclerosis

Olive oil has a high quantity of phenols, which have strong antimicrobial and
antioxidant compounds capable to reduce the growth and propagation of
several bacteria. A remarkable antimicrobial response with the intake of olive
extract has been attributed to its polyphenolic contents

EVOO (2 mi/kg/day) reduced the signs of nephrotoxicity in rats exposed to
ethopone (150 mg per kg daily) and improved antioxidant and health status.
Various reports suggested that dietary virgin olive oil or the products derived
from it have the capability of treating kidney related diseases in animals
Oleic acid in the olive oil played an important role in modulating atherosclerosis,
which ultimately affected the lipid profile and peroxidation in the hepatic
mitochondria of rabbit

Higher antibody titers against Newcastle disease and improvement in growth
and development were observed in the broilers given a diet enriched with olive
oil relative to the control group

EVOO significantly improved the BW gain, and feed efficiency, but reduced
lipid peroxidation level of the chicks mainly through strengthening the
antioxidant defense system

The dietary olive oil has been associated with a reduced number of cancerous
lesions. Also, the fatty acids present in olive oil reduce the prostaglandins
production obtained from the arachidonic acid that, in tumn, plays an integral
part in the tumor development and production

Diets enriched with EVOO have shown to limit the prevalence of several cancer
types such as breast, prostate and digestive system cancer

EVOO contains oleic acid and polyphenols, which have been reported to exert
protective impacts on the liver in several experimental models, particularly in
animal studies and cellular cultures. These components of olive oil have been
reported to prevent various hepatic disorders, like hepatic fibrinogenesis,
hepatocyte ballooning, and liver steatosis, hence aid in prevention of hepatic
tissue damage

Nutritional Benefits of Olive Oll
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induce antioxidant action in the gastrointestinal tract and its
metabolites can effectively exhibit antioxidant properties (Omar,
2010). The protective impacts of oleuropein against H,O,-
induced apoptosis was confirmed in human liver cells where
the significant increase in expression of superoxide dismutase
(SOD1), catalase, and glutathione peroxidase 1 were observed
(Shi et al,, 2017). In broilers, the supplementation of olive oil
improved the growth rate (BW and body weight gain) and
antibody titers against Newcastle disease virus as compared
with the control group (El-Bahra and Ahmed, 2012).

Plant derived materials contain plenty of polyphenolic content,
which positively affect the growth performance of the poultry (Abd
El-Hack et al,, 2020a,b; Abo Ghanima et al.,, 2020; Alagawany et al.,
2020b; Ebrahim et al, 2020). No adverse effects on the carcass
characteristics, inner body organs, growth performance and blood

profile were observed in response to the feeding of olive cake (OC) in
broilers (Zangeneh and Torki, 2011). Similarly, El Hachemi et al.
(2007) reported that OC might successfully be included up to 15%
without harmful effect on the feed intake and feed efficiency. On the
other hand, significantly higher feed efficiency was obtained by the
inclusion of 10% OC in broilers diet (Al-Shanti, 2003). Similarly, Al-
Harthi (2017) reported a positive impact of including OC in poultry
diet from 1 to 28 days trial period. Further, discussing the potential
effects of OC, it was observed that its inclusion maintains a
remarkably higher survival rate owing to its valuable nutrients
such as essential fatty acids, essential amino acids, polyphenols and
important elements which may be factors for this appreciable change.

In commercial poultry production systems, stress (induced by
many factors such as, environmental, pathogenic and nutritional
factors) negatively affects the growth and health of the birds. In
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FIGURE 2 | Application of olive oil and derivatives in poultry nutrition.

contrast, oxidative stress ruins animal productivity by damaging
the body proteins, lipids, DNA, and cellular structures
(Lykkesfeldt and Svendsen, 2007).

The products derived from olive contain various vital
nutrients like organic compounds, sugars, oils, fiber contents
and polyphenols which may be recycled. The extract of olive
leaves can reduce the dependency of poultry on grains and may
reduce the competition for grains between human and animals
(Tabera et al., 2004). Olive meal (OM) is yielded as a by-product
during olive oil processing. The OM contains hefty amounts of
lipids, including 73% oleic acid, 13% palmitic acid and 7% linoleic
acid, which make it as an economical feed ingredient for animal
(Ranalli et al., 2002). Preliminary findings revealed feeding of OM
up to 9% exhibited no harmful effect on the growth performance
while significantly improved the fiber intake in broilers
(Zangeneh and Torki, 2011). Since OM is a waste of olive
processing, its utilization as a feed ingredient in commercial
poultry is an environment friendly technology particularly
under resource limited set ups (Sateri et al., 2017).

Inclusion of 2% olive oil in feed facilitated the birds to gain
higher BW with a better feed conversion ratio (FCR). Moreover, it
significantly lowered the blood cholesterol, triglycerides and LDL,
but elevated the level of HDL in chicken (Hadi and Al-Khalisy,
2018). Moreover, the addition of 400 ppm oleuropein promoted
feed conversion efficiency of Japanese quails (Bahsi et al., 2016).
Furthermore, feeding of olive oil resulted in an increased anti-
inflammatory activity in chicken (Korver et al., 1998; Berbert et al.,
2005). Similarly, broilers supplemented with olive extract led to an
increased BW, as well as improvement of FCR (Erener et al., 2009).
Similar incremental effects of feeding olive oil have been observed
in the treated group when compared to control diet (Mujahid et al.,
2009). In another study, the dietary (86 g/kg) supplementation of
olive pulp did not show any adverse effects on production
parameters of laying hens (Zarei et al, 2011). Moreover, Abo-
Omar (2000) reported that the dietary olive oil (5%) increased
serum HDL concentration, but decreased triglyceride level.

In another study, Ahmed et al. (2013) investigated the
performance, immunity and biochemical profile of broilers

by supplementing two sources of oil, i.e. olive and canola
with four diets viz. control (no test diet), diet II (2% canola
oil), diet IIT (2% olive oil), diet IV (1% olive oil + 1% canola oil).
The significantly higher antibody response was observed with
diet IV at 3, 7 and 10 days. Olive oil also alleviated the lethal
effects of heat stress during hot climatic conditions by
promoting the immunity of the birds. Furthermore, olive oil
has shown to down-regulate the oxidative damages from heat
stress and modified respiratory chain in the mitochondria of
skeletal muscle. Moreover, liver enzyme activity was
significantly higher in the birds fed with diet containing olive
and canola oils. Additionally, the combination of olive and
canola oils enhanced the weight gain and feed efficiency of the
birds. In another study, the administration of olive oil in the rats
intoxicated with 2-4 dichlorophenoxy acetic acid impacted the
concentration of ALT and AST (Nakbi et al., 2010; Ahmad et al.,
2013).

The dietary inclusion of processed olive pulp improved the
FCR in broilers (Sayehban et al, 2016), mainly due to the
presence  of  substances like  flavanols, flavonoids,
oleuropeosides and simple phenolic components (Herrero-
Encinas et al, 2020). Zangeneh and Torki (2011) observed
that olive leaf powder improved the color of egg yolk in
layers. Furthermore, the phenolic components in olive leaf
exhibited hypo-cholesterolemic activities by reducing the levels
of hepatic and serum triglyceride, while modulating cholesterol
metabolism (Sarica and Toptas, 2014).

It is well known that the oleuropein and HTyr derived
from olive leaves inhibit LDL oxidation and decrease the
secretion of an enzyme (3-hydroxy-3-methyglutaryl
coenzyme A), responsible for the synthesis of cholesterol.
This ability of oleuropein and HTyr may be attributed to the
decreased yolk cholesterol concentration (Patrick and Uzick,
2001). The expressions of antioxidative enzymes while
decreasing lipid peroxidation such as thiobarbituric acid-
reactive substances content. Feeding of EVOO (2.5%) in
male Hubbard broiler significantly improved the BW gain,
and feed efficiency, but reduced lipid peroxidation levels

Frontiers in Pharmacology | www.frontiersin.org

45

August 2021 | Volume 12 | Article 723040


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Bilal et al.

mainly through strengthening the antioxidant defense system
(Tufarelli et al., 2016).

CONCLUSION

Studies reviewed in this article convincingly revealed that the use of
olive oil and its bioactive molecules have shown a wide range of
promising activities in various inflammatory and disease conditions.
Olive oil may be a consistent approach to prevent and manage
nutritional and health disorders. Besides, it may be used as an anti-
inflammatory, anticancer, antimicrobials, hepatoprotective,
renoprotective, and anti-neurodegenerative agent. However,
further investigations are required to further explore the
biological activities of olive oil and its derived compounds in
poultry to improve bird health and produce enriched products.
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Houttuynia cordata Thunb (H. cordata; Saururaceae) is widely distributed in Asian regions.
It plays an important role in traditional health care and disease treatment, as its
aboveground stems and leaves have a long medicinal history in China and are used in
the treatment of pneumonia and lung abscess. In clinical treatment, it can usually be
combined with other drugs to treat dysentery, cold, fever, and mumps; additionally, H.
cordata is an edible plant. This review summarizes detailed information on the
phytochemistry and pharmacological effects of H. cordata. By searching the keywords
“H. cordata and lung”, “H. cordata and heart”, “H. cordata and liver”, and “H. cordata and
inflammation” in PubMed, Web of Science and ScienceDirect, we screened out articles
with high correlation in the past ten years, sorted out the research contents, disease
models and research methods of the articles, and provided a new perspective on the
therapeutic effects of H. cordata. A variety of its chemical constituents are characteristic of
medicinal plants, the chemical constituents were isolated from H. cordata, including
volatile oils, alkaloids, flavonoids, and phenolic acids. Flavonoids and volatile oils are
the main active components. In pharmacological studies, H. cordata showed organ
protective activity, such as reducing the release of inflammatory factors to alleviate
lung injury. Moreover, H. cordata regulates immunity, enhances the immune barriers of
the vagina, oral cavity, and intestinal tract, and combined with the antibacterial and antiviral
activity of its extract, effectively reduces pathogen infection. Furthermore, experiments in
vivo and in vitro showed significant anti-inflammatory activity, and its chemical derivatives
exert potential therapeutic activity against rheumatoid arthritis. Antitumour action is also an
important pharmacological activity of H. cordata, and studies have shown that H. cordata
has a notable effect on lung tumour, liver tumour, colon tumour, and breast tumour. This
review categorizes the biological activities of H. cordata according to modern research
papers, and provides insights into disease prevention and treatment of H. cordata.

Keywords: Houttuynia cordata thunb, anti-inflammatory, antiviral, immunomodulatory, antibacterial, antitumour
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INTRODUCTION by viral infection in combination with Forsythia and Magnolia
(Park et al., 2005). Moreover, effective antiviral activity has been
Medicinal plants have a variety of chemical components and  reported in many studies, and H. cordata has a significant
biological activities that can effectively prevent and treat  inhibitory effect on virus infection and replication (Muluye
common clinical diseases. In India and other Asian regions, et al, 2014). In the severe acute respiratory syndrome
people use natural plants to treat diseases, accounting for ~ (SARS) virus infection outbreak in 2003, H. cordata was
70-95% of basic treatments (Drasar and Khripach, 2020). listed as one of the drugs for the treatment of SARS (Lau
The health function of medicinal plants has also attracted et al., 2008).
attention, and flavonoids, saponins, polysaccharides and The disease prevention and potential treatment of H. cordata
alkaloids isolated from plants show effective antiaging  cannot be realized without effective research. Therefore, the
activities, which have great potential in the development of  objective of this review is to provide a unified governance
antiaging products (Shen et al.,, 2017). Investigating the active ~ framework that guides studies on the pharmacological activity
ingredients of plants that have medicinal use is also an ingenious ~ of H. cordata and its derivatives in vivo and in vitro. This is
way to develop drugs. The discovery of artemisinin, which was  achieved by reviewing the therapeutic activity of H. cordata in
originally isolated from the plant Artemisia annua, is a good  different organs, tissues and cells in the past research. This study
example (Fu et al., 2021). is also an attempt to synthesize scattered sources of information
Houttuynia cordata (H. cordata), a perennial herb, is a plant  obtained regarding the therapeutic activity of H. cordata against
of the Saururaceae family that is widely used as a Chinese herbal ~ diseases.
medicine as well as a food. It prefers to grow in moist soil and
warm environments. Its application has been described in
China, Korea, Japan, India, and other Asian regions, and CHEMICAL COMPOSITION
particularly in many provinces in China (Figure 1). H.
cordata has been eaten and used as medicine by local people  H. cordata contains a variety of chemical components (Table 1),
for the past few thousand years. Currently, it is also harvested ~ and alkaloids were the most abundant ingredients (Ahn et al,,
for daily food and medicine in the Yarlung Zangbo Valley in ~ 2017); however, volatile oil and flavonoids were the main
Assam, India (Kumar et al., 2014). components  that  exerted pharmacological activity.
In general, the whole plant of H. cordata can be used as  Interestingly, the decanoyl acetaldehyde component has a
medicine, and it is applied by considering traditional Chinese  special fishy scent, so it is called Yu-Xing-Cao (traditional
medical theory, allowing it to be used to treat pneumonia caused Chinese medicinal herb) in China (Ma et al., 2017), and it is

Helongjiang

Shanghai
o -.
) &

. OTaiwan N 1
Hongkong

Macau ] /

|:| The most favorable region

- Favorable region
|:| Suitable region
|:] Undesirable region

n /

FIGURE 1 | Climatic and ecological adaptability distribution of H. cordata in China (A) flowers of H. cordata (B) roots of H. cordata as food (C) above-ground part of
dry stems and leaves of H. cordata.
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also an antibacterial active ingredient and is easily converted to
2-undecanone (methyl n-nonanone) at high temperature, which
can be used to evaluate the quality of H. cordata oil to a certain
extent (Chen et al., 2014). Moreover, its steam distillation
extract contained essential oils including monoterpenes,
sesquiterpenes and their oxides, oxidized diterpenes and
phenylpropene derivatives (Rebickova et al., 2020); and nonyl
ketones (2.10-40.36%), bornyl acetate (0.4-8.61%) and
B-myrcene (2.58-18.47%) are the main components in
essential oils (Lu et al, 2006). Interestingly, there were
differences in the contents of the aboveground stems and the
underground parts, as the contents of 2-undecanone, myrcene,
ethyl decanoate, ethyl dodecanoate, 2-tridecanone and decanal
in the aboveground parts were higher than those in the
underground parts; In particular, 11 ingredients were only
isolated in the leaves, while seven ingredients in the roots
were not contained in the leaves. Interestingly, there seemed
to be variation in different regions. Researchers also reported
differences in the antibacterial activity of H. cordata from
different areas, but these findings still lack sufficient support
(Verma et al., 2017).

Moreover, the flavonoids in H. cordata include rutin,
hyperoside, quercetin, and quercitrin, and most of them are
combined with rhamnose in the form of glycosides (Xu et al,
2006; WU et al., 2009; Lu et al., 2011). Chen et al. isolated a new
combination of houttuynin and hyperoside (houttuynoids A-E
[1-5]), four new flavonoid compounds (Chen et al., 2012; Chen S.
D. et al., 2013), and Chou et al. isolated the houttuynoside A and
houttuynamide A (Chou et al., 2009). However, phenolic acids are

the most isolated components in H. cordata, including linolenic
acid, linoleic acid, oleic acid, palmitic acid, stearic acid (Bauer
1996), quinic acid derivatives, caffeic acid derivatives,
neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid
and other ingredients (Nuengchamnong et al., 2009).

Furthermore, alkaloids are the key components of the
physical activity of houttuynia-containing herbs, most of
which are phenanthrolactam compounds such as
aristololactam and piperolactam (Probstle and Bauer, 1992;
Ma et al, 2017). The structural formulas of above
compounds are shown in Figure 2.

et al,

PHARMACOLOGICAL ACTIVITY

Lung Protection

Lung diseases have various causes. General symptoms are
inflammation of the lungs accompanied by acute lung injury
(ALI). The anti-inflammatory activity of H. cordata plays an
indispensable role in alleviating lung diseases, which might be
associated with its flavonoids, sodium houttuyfonate and
polysaccharides, in a lipopolysaccharide (LPS)-induced model,
proinflammatory cytokine (IL-6) and NO production were
obviously reduced by oral administration of quercitrin from H.
cordata at 100 mg/ml (Lee et al.,, 2015). Interestingly, in a model
of chronic obstructive pulmonary disease (COPD) induced by
LPS combined with cigarette smoke for 4 weeks, 24.3 mg/kg
sodium houttuyfonate decreased the mRNA levels of TLR4,
MyD88, and NF-kB p65 (Wu et al, 2017), however,
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considering the differences in the adaptability of humans and rats
to cigarette smoke, this research still needs more investigation.
Regardless, macromolecular polysaccharides contribute to
alleviating lung injury by reducing pulmonary oedema and
protein exudation of bronchoalveolar lavage fluid (Lu et al,
2018). Cell transplantation combined with H. cordata has also
been used to treat lung tissue injury. Injection of 50 mg/g extract
via the tail vein downregulated the inflammatory response and
reduced the expression of iNOS and ET-1, thereby enhancing the
therapeutic effect of endothelial progenitor cells on LPS-induced
ALl in rats (Cai et al., 2013). Furthermore, in an acute lung tissue
injury model caused by HIN1 virus infection, utilizing 50, 100,
and 200 mg/kg H. cordata flavonoid glycoside extract compared
to 100 mg/kg ribavirin resulted in less weight loss and a lower
lung index in 14 days. Antibacterial and anti-inflammatory
activity were realized by inhibiting HINI neuraminidase
activity and the expression of toll-like receptors (TLRs) (Ling
et al., 2020), and regulation of polysaccharide on gut mucosal-
associated lymphoid tissue (GALT) might be the mechanism that
alleviates ALI caused by influenza A virus, as it downregulates
Th17 cell differentiation and upregulates Treg cell differentiation
to restore Th17/Treg balance from the GALT to the lung,
reducing IL-17A and increasing IL-10 to alleviate lung
mucosal damage (Shi et al., 2020).

Previous studies have confirmed that pulmonary fibrosis is
associated with lung oxidative damage. In bleomycin-induced
pulmonary fibrosis in rats, a water extract of H. cordata
significantly reduced the concentrations of superoxide
dismutase, malondialdehyde, and hydroxyproline, showing
stronger antioxidant activity than vitamin E. Otherwise, H.
cordata can relieve the pathological changes of lung tissue
caused by bleomycin (Ng et al., 2007), and the increasing level
of IFN-y and inhibition of the TGF-p1/Smad signalling pathway
might be a significant mechanism. Meanwhile, 4-terpineol,
a-terpineol, L-bornyl acetate and methyl-n-nonyl ketone were
significantly decreased in a dose-dependent manner at doses of
3.5-16.5 mg/kg in vivo. In vitro, the expression of TGF-B1 was
inhibited in a dose-dependent manner, and IFN-y levels were also
upregulated in NIH/3T3, thus alleviating the lung fibrosis
induced by LPS (Du et al., 2012).

Opverall, the above studies revealed that the protective effect of
H. cordata is related to its anti-inflammatory active ingredients,
which mainly include flavonoids, polysaccharides, and sodium
houttuyfonate, although the dominant component has not been
reported. Mice show consistency in certain symptoms of
respiratory diseases with humans, but there are significant
differences in the immune system (Shilovskiy et al., 2021), so
it is difficult to judge whether the above research results act
through the same mechanism in humans.

Digestive System Protection

Reduction of Intestinal Injury

There are mucosal barriers in the intestine to avoid damage,
which generally include mechanical barriers, chemical barriers,
immune barriers, and biological barriers. In addition, the
intestinal flora plays an important role in protecting the
intestines (Lu et al., 2019). Recent studies have found that

Houttuynia cordata Thunb: An Ethnopharmacological Review

polysaccharides and sodium houttuyfonate in H. cordata
protect the intestinal flora, a crude polysaccharide extract
significantly reduces intestinal goblet cells, and the expression
of sIgA and tight junction protein (ZO-1) in the intestine is
upregulated to strengthen the intestinal mechanical barriers and
immune barrier (Zhu et al., 2018). In a mouse model of intestinal
inflammation caused by Salmonella typhimurium, Zhang et al.
demonstrated the protection of sodium houttuyfonate in
restoring the intestinal barrier by regulating the tissue
distribution of tight junction proteins, and inflammation was
also reduced by inhibiting the NF-kB signalling pathway (Zhang
et al, 2020). However, such barrier-enhancing activity lacks
effective control. Moreover, the regulation of bacteria is also
involved, and polysaccharides composed of Glc, Gal, Ara, and
Rha at a 40 mg/kg dosage greatly reduced the relative abundance
of the pathogenic bacteria Vibrio and Bacillus and alleviated the
intestinal damage caused by HIN1 infection (CHEN et al., 2019).
These findings indicated that H. cordata polysaccharides and
sodium houttuyfonate exert intestinal protective activity by
regulating the intestinal flora and inhibiting the NF-kB
signalling pathway to strengthen the intestinal barrier.

Reduction of Liver Damage

Recently, natural products in plants have shown effective activity
in the prevention and treatment of liver diseases. Researchers
have confirmed that natural products such as terpenoids,
alkaloids, glycosides, and coumarins inhibit liver fibrosis (Ma
et al, 2020a); moreover, rutin and quercetin show potential
therapeutic activity in cholestasis (Ma et al., 2020b). Liver cells
are sensitive to oxidative stress, and the ethyl acetate extract of H.
cordata, which confers liver protection, showed significant
antioxidant activity in a CCly-induced liver injury mice model.
In particular, the 1,000 mg/kg extract remarkably inhibited the
increase of glutathione, superoxide dismutase and catalase;
furthermore, the levels of serum transaminase and liver
malondialdehyde also decreased in mice (Tian et al, 2012),
and in ethanol-induced liver damage model, the CYP2E1
activity of mice treated with the mixture of H. cordata water
and ethanol extract at 300 mg/kg/day for 7 days was significantly
reduced, thereby decreasing the level of oxidative factors that
CYP2E1 mediated, while the expression of antioxidant enzymes
and lipogenic mRNA was increased (You et al., 2018). Overall, in
the liver oxidative damage model, H. cordata inhibited the
increase of glutathione, superoxide dismutase and catalase and
regulated the release of oxidative factors mediated by CYP2EL1 to
relieve oxidative damage. However, the dosages used in different
models are not uniform, and whether high-dose H. cordata
extract has a toxicity needs to be investigate.

Heart Protection

Antioxidant components of H. cordata show interventional
activity in the process of heart remodelling and functional
decline. In diabetic mice, continuous intake of 2% H. cordata
water extract for 8 weeks downregulated cardiac active oxygen,
protein carbonyl, interleukin-6 and inflammatory factors;
moreover, intake of 1 and 2% H. cordata water extract
inhibited the expression of p47P™**, NF-kB p65 and p-p38 in
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the heart caused by diabetes (Hsu et al., 2016). With further
research, similar activity of sodium houttuyfonate was found in
an isoprenaline-induced myocardial hypertrophy model treated
with 90 and 180 mg/kg sodium houttuyfonate for 1 week, and the
results showed that the concentration of cyclic adenosine
monophosphate, heart weight index, left ventricular weight
index, and angiotensin II were simultaneously reduced. In the
L-thyroxine-induced cardiac hypertrophy model, the expression
of hydroxyproline and the cross-sectional area of cardiomyocytes
were downregulated. This myocardial protection might be
associated with the suppression of the sympathetic nervous
system, renin-angiotensin system and endothelin expression
(Gao et al, 2009). Additionally, the activation of the
renin-angiotensin-aldosterone system was attenuated by
sodium houttuyfonate at dosages of 50 and 100 mg/kg, with
the activity of alleviating cardiac inflammation and fibrosis;
and it showed inhibition of ventricular remodelling in a model
of abdominal artery stenosis-induced ventricular remodelling in
rats (Gao et al., 2010). Moreover, the anti-ventricular remodelling
mechanism after myocardial infarction of sodium houttuyfonate
might be associated with the adenosine monophosphate-
activated protein kinase (AMPK) activation and NF-xB
pathway inhibition at the same dosage; moreover, the release
of myocardial inflammatory factors also declines, thereby
relieving the fibrosis process (Zheng et al., 2018). However, in
the anti-angiogenic research of H. cordata, no effective activity
was seen in a zebrafish model (Tu et al., 2016).

Taken together, the H. cordata extract reduced the release of
inflammatory factors to alleviate myocardial oxidative damage.
The sodium houttuyfonate component can affect the sympathetic
nervous system and the renin-angiotensin-aldosterone system to
reverse myocardial hypertrophy and remodelling, and the
molecular mechanism may relate to AMPK activation inhibited.

Kidney Protection

Kidney diseases are usually caused by inflammation, oxidative
damage and other factors that seriously affect the body’s water
and salt metabolism (Gong et al., 2020). In diabetic mice with
kidney injury, treatment with 1 and 2% H. cordata water extract
reduced the level of urea nitrogen and the activity of creatine
kinase, and the expression of kidney oxidative factors also
decreased. Meanwhile, intake of 2% extract seemed to restrict
the expression of membrane-anchored receptor of advanced
glycation end products (RAGE), which can induce intracellular
reactive oxygen species generation and activate mitogen-activated
protein kinase (MAPK) and NF-«kB signalling pathways,
indicating its renal protective activity (Hsu et al, 2016).
Inflammation is also an important mechanism leading to
kidney damage. Research by Pan et al. showed that the
sodium houttuyfonate significantly reduced the expression of
nuclear NF-xB and MCP-1 in a dose-dependent manner at
60-120 mg/kg. In turn, it inhibited cationic bovine serum
albumin-induced = membranous  glomerulonephritis  and
exhibited renal protective activity (Pan et al, 2010). In
summary, the findings suggested that H. cordata extract and
sodium houttuyfonate reduced kidney oxidative stress damage
and inflammation through the glycation polyol pathway,
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downregulating the expression of NF-kB and MCP-1 and
thereby alleviating kidney damage.

Antitumour Activity

Anti-Lung Tumour Activity

Lung cancer usually includes small cell lung cancer (SCLC) and non-
small-cell lung cancer (NSCLC). Generally, inducing tumour cell
apoptosis and inhibiting tumour cell migration play a vital role in the
treatment of lung tumour (Jones et al, 2018). Researchers
demonstrated the antitumour activity of H. cordata and its active
ingredient 2-undecanone in a study of benzo(a)pyrene-induced lung
tumour in mice, and activation of the Nrf2-HO-1/NQO-1 pathway
might be involved, which in turn inhibits lung cell DNA damage and
inflammation. Moreover, there was no obvious systemic toxicity in
mice (Lou et al,, 2019). In addition, the polysaccharides in H. cordata
have been found to possess antitumour activity, and the isolated
pectin polysaccharide HCA4S1 has been experimentally proven to
inhibit tumour cell proliferation by inducing A549 lung tumour/
cancer cell cycle arrest and apoptosis. At the same time, the activities
of cleaved caspase3 and cyclin Bl in cells after HCA4S1 treatment
were significantly increased (Han et al,, 2018). Chen et al. further
investigated the apoptosis mechanism of lung tumour cells, and the
active ingredients of H. cordata blocked cell proliferation by acting
on the GO/G1 phase of A549 cells. In addition, Fas/CD95 protein
levels in A549 cells were upregulated, and caspase-8 and caspase-3
were activated (Chen Y. F. et al, 2013). In another study on the
migration of NSCLC, sodium houttuyfonate in H. cordata was found
to inhibit the migration of tumour cells, and the inhibition of
Linc00668 activity might be a vital feature, resulting in the
decrease in Slug mRNA levels regulated by miR-147a. This
revealed the important role of the Linc00668/miR-147a/slug axis
in inhibiting lung tumour cell migration (Jiang et al., 2019). The
above research results indicated that H. cordata might alleviate DNA
damage by activating the Nrf2-HO-1/NQO-1 pathway, blocked cell
proliferation by acting on the G0/G1 phase, and regulated the level of
IncRNAs to inhibit tumour cell migration. However, the above
findings were mainly investigated in vitro, and more in vivo
investigations are still needed.

Anti-Liver Tumour Activity

In a study of human HepG2 cells exposure to high glucose, H.
cordata extract at a concentration range of 0-80 ug/ml reduced
lipid accumulation in HepG2 cells in a dose-dependent manner.
This mechanism is related to inhibition of the AMPK signalling
pathway, reduction of AMPK-mediated lipid synthesis, and
alleviation of the proliferation of liver tumour cells (Kang and
Koppula, 2014). Moreover, the apoptosis-inducing activity of H.
cordata has been investigated, and the levels of factor (HIF)-1A,
Forkhead box (FOX)O3, and MEF2A were significantly
upregulated in human HepG2 hepatocellular carcinoma cells.
At the same time, H. cordata enhanced the expression of caspase-
3 and caspase-7 through MEF2A, while Bax, Bcl-2 and Bcl-xL
protein levels were also disturbed, thus inducing apoptosis of liver
tumour cells (Kim et al, 2017). Taken together, lipid
accumulation in human HepG2 cells can be reduced after
treatment with H. cordata, and HIF-1A, FOXO3, and MEF2A
factors are significantly activated; however, the chemicals that act
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to induce apoptosis in liver tumour and investigation in animal
models are still needed.

Anti-Colon Tumour Activity

In research on products for the treatment of colon tumour, Tang
et al. found that an ethanol extract of H. cordata showed
antitumour activity against the colon tumour cell line HT-29.
Treatment with a 450 pg/ml extract can significantly induce
apoptosis of tumour cells, increase reactive oxygen species and
decrease the mitochondrial membrane potential. In particular,
cytochrome ¢, Apaf-1, pro-caspase-9 and AIF are released from
mitochondria due to changes in membrane potential by Western
blotting and caspase activity assays. This result revealed the
mitochondria-dependent mechanism by which H. cordata
extract induces apoptosis of HT-29 cells (Tang, et al, 2009).
Moreover, the investigation of induced cytotoxicity in primary
colorectal cancer/tumour cells showed the same results;
mitochondrial-dependent apoptosis mechanisms were also
involved, and the production of reactive oxygen species
increased. After treatment with 250 ug/ml H. cordata extract
for 24h, primary colorectal cancer/tumour cells showed
chromosome condensation and apoptosis (Lai et al, 2010).
Taken together, the molecular mechanism of the cytotoxicity of
H. cordata extract mainly consists of reducing the mitochondrial
membrane potential, thereby increasing the levels of cytochrome
¢, Apaf-1, caspase-3 and -9 and inducing cancer/tumour cell
apoptosis, and the cytotoxicity to colon cells is still lacking.

Anti-Gastric Carcinoma Activity

Gastric carcinoma is the third most fatal tumour and is a
prevalent malignancy worldwide, with approximately 1,033,701
new cases reported annually (Bray et al, 2018). The induce
apoptosis and inhibit migration activity of herbs at the
interface of food and medicine was investigated in gastric
carcinoma, and a food composed of six plants, Coix seed,
Lentinula edodes, Asparagus officinalis L., H. cordata,
Taraxacum mongolicum Hand.-Mazz., and Grifola frondose,
was used to treat gastric carcinoma in nude mice inoculated
with SGC-7901 cells; supplementing 43.22, 86.44, and 172.88 g/kg
food for 30days, the serum levels of MMP-2 and MMP-9
decreased, while TNF-a significantly increased. Moreover,
treatment notably upregulated the mRNA expression levels of
GSK-3p, E-cadherin, Bax, Caspase-3, and Caspase-9 and the Bax/
Bcl-2 ratio but substantially downregulated [-catenin,
N-cadherin, MMP-2, MMP-9, Snail, and Cyclin D1, especially
Ki-67 and N-cadherin, in tumour tissues. The underlying
molecular mechanism might be associated with inhibition of
the Wnt/B-catenin signalling pathway (Chen X. et al, 2021);
this finding indicated the possibility of H. cordata forming
synergistic interactions with the other five plants to prevent
gastric carcinoma as a daily food; however, the specific activity
of H. cordata among it has not been investigated. Interestingly,
researchers compared the anti-gastric carcinoma activity of
heated and unheated parts of H. cordata separately through
DAPI staining and the detection of apoptosis and apoptotic
protein levels, and cell viability decreased in SGC-7901,
HepG2, NCI-H640, and HO-8910 cells with the increase of
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the extract concentration at 0, 25, 50, 100, and 150 ml/L.
Furthermore, heated ariel stems showed 3-15 times higher
effects than stems that were not heated in SGC-7901 cells, and
the morphological characteristics of apoptosis, p53 protein, pro-
apoptotic protein Bax, Bid, Bak, Apaf-1, activation of PARP,
caspase9, and caspase3 were also increased, and the heated
sample seemed to have higher activity than the unheated
sample (Liu et al., 2020). The above findings suggested the
potential of H. cordata in preventing gastric carcinoma in the diet.

Other Anti-Tumour Activity

The overexpression of HER2/neu has been shown to be related to
breast cell canceration (Dawood et al., 2010; de la Cruz-Merino
et al,, 2017), which suggests that it may be an anti-breast tumour
target. In the research by Zhou et al,, houttuyfonate, the active
ingredient of H. cordata, was modified by adding sulthydryl groups
and showed a significant reduction in tumour volume. At a
concentration of 5.52 ug/ml, HER2 phosphorylation and HER2/
neu-mediated activation of ERK1/2 and AKT were inhibited (Zhou
et al,, 2012). In addition, studies have shown that the ethanol
extract of H. cordata induced breast tumour cell apoptosis. At
concentrations of 100-500 pg/ml, MCF-7 and MDA-MB-231 cells
stagnated in the G1 phase, and this result might be related to the
downregulation of cyclin D1 and CDK4 expression at low
concentrations. Moreover, the secretion of MMP-2 and MMP-9
is significantly inhibited, thereby inhibiting the migration and
invasion of tumour cells (Subhawa et al, 2020). Overall, H.
cordata and its derivatives seem to exert anti-breast tumour
activity by suppressing tumour volume, inducing apoptosis and
inhibiting migration. The regulation of HER2/neu overexpression
and cell cycle arrest was also involved.

Leukaemia is a type of disease caused by the malignant cloning
of haematopoietic stem cells. In early studies, the ingredients of
H. cordata, caffeic acid has been found to induce apoptosis in
leukaemia cells. At a concentration of 45uM, caffeic acid
treatment for 2 days significantly reduced the activity of U937
leukaemia cells. Additionally, as a typical apoptotic feature, the
cleavage of PARP and procaspase-3 was obviously activated, and
the apoptotic rate of leukaemia cells treated with 100 mM caffeic
acid reached 59.87% (Jang et al., 2011). Furthermore, a study in
leukaemic Moult-4 cells revealed the molecular mechanism by
which H. cordata extract induces apoptosis, the alcohol extract of
H. cordata decreased the mitochondrial transmembrane
potential, the expression of Bcl-xl was downregulated, and the
protein levels of Smac/Diablo, Bax and GRP78 increased
(Prommaban et al, 2012). In conclusion, H. cordata can
increase the lysis of PARP and procaspase-3 in leukaemia cells
and induce Moult-4 cell apoptosis through the endoplasmic
reticulum stress pathway (Figure 3).

Anti-Inflammatory Effects and
Immunomodulatory Activity

Anti-Inflammatory Effects

The occurrence of inflammation is related to a variety of cells,
such as eosinophils, basophils, neutrophils, macrophages,
monocytes, and mast cells (Roe, 2021). Mast cells play a vital
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role in mediating inflammatory diseases such as asthma and
allergies. Interestingly, the ability of an extract of H. cordata to
inhibit mast cell-mediated inflammatory diseases was
investigated by Kim’s et al; the mast cell line HMC-1 was
treated with the ethyl acetate H. cordata extract at a
concentration of 10pg/ml, and the chemotactic index,
secretion, and mRNA levels of inflammatory factors TNF-a
and IL-6 were downregulated. In addition, stem cell factor-
mediated NF-kB activation was inhibited (Kim et al., 2007;
Lee et al, 2013). Moreover, interstitial ~ bladder
inflammation, not only are proinflammatory factors decreased,
but the proliferation and activation of mast cells are effectively
attenuated, demonstrating the potential value of H. cordata in the
treatment of interstitial cystitis (Li et al., 2020).

In a RAW264.7 cell experiment induced by LPS, both
2-methyl nonyl ketone and sodium houttuyfonate
components isolated from H. cordata showed anti-
inflammatory activity, and expression of tumour necrosis

in

factor-a (TNF-a), interleukin-13 (IL-1p) and Toll-like
receptor 4 (TLR4) were decreased while the level of
interleukin-10  (IL-10) was upregulated. Moreover, the

supercritical extract of H. cordata inhibited RAW 264.7 cell
inflammation through the TNF-a-NO and cyclooxygenase II-

PGE, pathways, and the extract at a dose of 200 mg/kg
significantly reduced inflammatory cells and albumin
exudation after oral administration (Shin et al, 2010). In
addition, its fermentation products showed similar activity;
the expression of the proinflammatory factors PGE, iNOS,
IL-1B, TNF-a and IL-6 was downregulated, while the effect on
COX-2 activity was weak (Woranam et al., 2020). Furthermore,
in LPS-induced peritoneal macrophages, the supercritical extract
of H. cordata showed similar effects to nonsteroidal anti-
inflammatory drugs (NSAIDs) and the COX-2 inhibitor
NS398; it not only reduced COX-2 enzyme activity in a dose-
dependent manner but also downregulated COX-2 mRNA and
protein expression (Li et al., 2011). At the same time, tumour
necrosis factor-a (ITNF-a) mRNA expression and NO factor
levels induced by LPS were significantly inhibited by H. cordata.
In vivo, xylene-induced ear swelling and inflammation in mice
were significantly inhibited, and sodium houttuyfonate showed
stronger anti-inflammatory activity than 2-methyl nonyl ketone
(Chen et al., 2014). Moreover, mouse foot swelling induced by
formaldehyde and carrageenan was also effectively relieved by
the volatile oil components of H. cordata (Li et al., 2013).
Interestingly, inflammation of human keratinocytes was also
alleviated by the H. cordata ethanol extract, and the secretion of
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interleukin-8, CCL20, IP-10, and GRO-a caused by
Porphyromonas ~ gingivalis was effectively reduced after
treatment (Figure 4). These research results suggested the
application of H. cordata in oral infections (Sekita et al,
2017).  Sodium  houttuyfonate showed  potential
therapeutic activity for rheumatoid arthritis, which is the
destruction of the joint caused by pathological hyperplasia of
the synovium. Through in vitro synovial cell experiments, sodium
houttuyfonate effectively inhibited the proliferation of synovial
cells in a dose-dependent manner within the range of 25 pg/
ml~200 pg/ml (Li et al., 2014; Li and Zhao, 2015).

also

Immunomodulatory Activity

Immune cells, including neutrophils, eosinophils, basophils, and
mast cells, play a vital role in ensuring immune function. Immune
active substances such as immunoglobulin, interferon, tumour
necrosis factor, and interleukin also play important roles (Sattler,
2017). Allergy is a common immune function abnormality that
can cause serious diseases such as anaphylactic shock,
microcirculation disorders, and central nervous system
disorders (Marshall, 2018).

The polyphenols in H. cordata have shown antiallergic
activity. After basophilic KU812F cells were cultured with
extract, the FceRI level and IgE binding activity decreased
significantly. In addition, the mRNA activity of FceRI-a and
y-chains was also downregulated, and the release of histamine
was restricted (Shim et al., 2009). In vivo, oral H. cordata extract

can effectively alleviate passive cutaneous anaphylaxis in mice.
FceRI signalling molecules activated by antigens such as Syk,
Lyn, LAT, Gab2, and PLCy2 and downstream Akt and MAP
kinases were also inhibited, but the level of cAMP in mast cells
increased, which reveals that H. cordata can improve allergic
diseases by inhibiting the FceRI-dependent signal transmission
of mast cells (Li et al., 2005; Han et al., 2009). HCP-2, a
polysaccharide isolated from H. cordata, regulated the
expression of T cells in human peripheral blood
mononuclear cells at concentrations of 0.1-25 ug/ml, and the
levels of the immune molecules interleukin-1p (IL-1p), tumour
necrosis factor-a (TNF-a), and macrophage inhibitory protein-
la and -1f increased significantly; accordingly, the body’s
immunity was effectively enhanced (Cheng et al, 2014).
Moreover, researchers determined the therapeutic effect of H.
cordata extract on Th2-mediated immune diseases. Ethanol
extract not only inhibited the production of TARC in skin
fibroblast CCD-986sk cells but also downregulated the level
of TARC receptor CC chemokine receptor 4 (CCR4) mRNA in
Jurkat T cells, and the migration of T cells induced by TARC was
also restricted (Lee et al., 2008). In addition, H. cordata extract
regulates innate immune mediators. After vaginal epithelial cells
were treated with the extract for 18 h, the mRNA levels of
human (-defensin 2 and secretory leukocyte protease inhibitor
increased remarkably, IL-2 and IL-6 protein secretion increased,
and CCL5 secretion decreased (Satthakarn et al., 2015b).
Interestingly, the extract has similar effects on oral immune
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mediators, and the expression of human B-defensin 2, secretory
leukocyte protease inhibitor, IL-8 and CCL20 is regulated by the
extract in a dose-dependent manner (Satthakarn et al., 2015a).
The above results showed that vaginal and oral immune
mediators are upregulated by H. cordata extract, suggesting
the potential of H. cordata to prevent and treat oral diseases
in diet.

Antiviral Activity

Anti-Herpes Virus Activity

H. cordata displays obvious activity in inhibiting herpesvirus, its
solution extracted with hot water effectively attenuated herpes
simplex virus (HSV) infection, which might be associated with
the inhibition of the NF-xB pathway; however, the activity of
another key pathway, Erk MAPK, was not regulated. Moreover,
determination of the anti-infective activity of the powder after
lyophilization of the extract revealed the ICso was achieved at a
dose of 50 ug/ml, and after the concentration reached 150-450 ug/
ml, the inhibitory effect of the extract on HSV-2 exceeded 3 logs
(Chen et al,, 2011). In addition to inhibiting NF-«B and restricting
viral gene expression, the binding and penetration ability of the
HSV-1, HSV-2, and acyclovir-resistant HSV-1 viruses at the initial
stage of infection is also weakened by the extract, and the replication
process of HSV is attenuated. Further research showed that the
inhibitory activity of NF-xB involves contributions of the
components quercetin and isoquercitrin, and quercetin
suppressed the invasion ability of the virus (Hung et al, 2015).
Moreover, a monkey kidney cell line (Vero cells) and swine testis
cells (ST) were used to investigate the inhibitory activity of H.
cordata in pseudorabies herpesvirus (PrV). In the Vero cell model,
the infection rate was reduced by 70% after treatment with the H.
cordata extract at a concentration of 2 mg/ml, while infectivity of
the virus was completely suppressed at a concentration of 250 mg/
ml. In contrast, the same concentration of extract exerted lower
infection inhibitory activity on ST cells than Vero cells; nevertheless,
single use of high-dose H. cordata extract showed apoptosis-
inducing activity (Ren et al., 2011).

Furthermore, the new flavonoids houttuynoids A-E and
houttuynoids G-J were isolated from the whole H. cordata
plant, and both groups have been shown to possess anti-
herpes virus activity. Through Vero «cell experiments,
houttuynoid A and houttuynoids G-J inhibited HSV-1
infection. The ICs, values of houttuynoids G-]J were 38.46,
14.10, 62.00, and 70.76 uM, while houttuynoid A showed a
lower value at 33.5puM in the [B-galactosidase activity assay.
Moreover, the activity of herpes simplex virus type 2 and
varicella-zoster virus was suppressed by houttuynoid A. Plaque
reduction experiments and luciferase activity assays proved this
effect (Chen et al.,, 2012; Chen S. D. et al., 2013; Li T. et al., 2017).
Moreover, houttuynoid M demonstrated similar activity to
houttuynoid A, and plaque formation experiments revealed
that the ICsy value of houttuynoid M at 17.72uM could
suppress the activity of HSV-1 (Li JJ. et al., 2017).

Anti-Influenza Virus Activity
Human influenza viruses are divided into three types, A, B, and
C, and the influenza A virus is the pathogen that causes the
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body to catch a cold (Luo, 2012). In the determination of
neuraminidase activity, H. cordata showed effective anti-
influenza virus activity and completely inhibited viral
neuraminidase at a concentration of 250 mg/ml (HAN et al,,
2016). Moreover, in vivo and in vitro experiments revealed the
activity of H. cordata flavonoids against influenza virus HIN1,
the survival rate and life span of mice infected with HIN1 were
significantly improved through the combined action of rutin,
hyperoside, isoquercitrin, and quercitrin in the extract,
50-200 pg/ml extract effectively reduced the HIN1 virus
titre in the lung tissue, and neuraminidase activity was
inhibited both in in vivo and in vitro experiments (Ling
et al, 2020). Moreover, quercetin-3-rhamnoside (Q3R)
obtained from H. cordata attenuated the replication of
influenza A/WS/33 virus, which is associated with the
indirect effect of Q3R on virus particles. Through the
cytopathic effect, it was observed that Q3R significantly
reduced the production of cytopathic changes. Compared
with oseltamivir, Q3R showed stronger anti-A/WS/33 virus
activity (Choi et al., 2009). The above findings suggested that
flavonoids might be the main components acting against
different influenza viruses.

Anti-Coronavirus Activity

Coronavirus is a type of virus widely distributed in nature, and it
selectively infects humans and other vertebrates. At present,
seven kinds of coronaviruses are known to be infectious to
humans. Among them, the newly discovered severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is
circulating worldwide and has caused millions of deaths
(Adhikari et al., 2020). Main protease (Mpro), papain-like
protease (PLpro) and ADP ribose phosphatase (ADRP) are the
three main replication proteins of SARS-CoV-2, and molecular
docking by using Epic, LigPrep and Glide module of Schrodinger
suite 2020-3 have shown that the metabolite (ligand) 6-
hydroxyondansetron possesses binding affinity towards the
receptors Mpro (PDB ID 6LU7) and PLpro (PDB ID 7JRN)
with the best Glide scores (G-score) of —7.274 and —5.672, while
quercitrin also showed binding affinity towards ADRP (PDB ID 6
W02) with a G-score —6.788. Furthermore, these compounds
showed potential inhibition of Mpro and PLpro of SARS-CoV-2
without causing toxicity, although quercitrin showed fewer drug-
like properties but demonstrated potential as an inhibitor for
ADRP, and the results indicated the potential therapeutic activity
of H. cordata (Das et al, 2021); however, the reports seems
idealized, and more research is needed.

In research against severe acute respiratory syndrome
coronavirus (SARS-CoV), enzymes and immune regulation
play important roles. Aqueous extracts of H. cordata at
0-400 pg/ml effectively promoted the proliferation of mouse
spleen lymphocytes in a dose-dependent manner, and
increased expression of IL-2 and IL-10 in splenic lymphocytes
was observed. The ratio of CD4" and CD8" T cells was also
upregulated to enhance the body’s immunity. Moreover, the
activity of 3C-like protease and RNA polymerase is critical for
virus replication and was significantly inhibited in a dose-
dependent manner at 0-1,000 ug/ml (Lau et al, 2008).
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FIGURE 5 | The antiviral effects of H. cordata. On the one hand, H. cordata enhances immune activity by activating T cells, CD4* cells and CD8*. On the other hand,
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Researchers used mouse hepatitis virus (MHV) as a coronavirus
model to determine the anti-infective activity of the ethyl acetate
extract of H. cordata, and treatment with the extract solution
significantly inhibited the activity of MHV at the stage of virus
infection (ICso = 0.98 mg/ml), while a high dose of 2000 mg/kg
did not show acute cytotoxicity (Chiow et al., 2016); however,
human tolerance has not been effectively investigated.

Moreover, H. cordata exerts inhibitory activity against the
avian infectious bronchitis virus, similar to coronavirus. Through
the detection of plaque reduction and reverse transcription-
polymerase chain reaction, 90% of viral infections were
inhibited in Vero cells and chicken embryo kidney cells, and
more than half of viral invasion was inhibited (Yin et al., 2011)
(Figure 5).

Antibacterial Activity

Anti-Staphylococcus aureus Activity

Staphylococcus aureus, a classical Gram-positive bacterium,
usually parasitizes human and animal skin, the nasal cavity,
gastrointestinal tract and other parts and is a common food-
borne pathogenic microorganism (Lowy, 1998). Sodium
houttuyfonate and EDTA-Na, synergistically showed
inhibitory activity against MRSA. Mice that were not treated
with sodium houttuyfonate in combination with EDTA-Na, all
died 12 days after being infected with MRSA. In contrast, the
survival rate of mice in the experimental group treated with
sodium houttuyfonate combined with EDTA-Na, was 75% after
28 days of MRSA infection, which was much higher than the 50
and 43.75% survival rates of mice treated with sodium
houttuyfonate and EDTA-Na, respectively (Huang et al,

2015). Moreover, the modified sodium houttuyfonate
combined with other antibacterial drugs showed excellent
antibacterial effects. In studying the synergistic use of sodium
houttuyfonate with oxacillin, cephalosporin, meropenem, and
netilmicin, the median fractional inhibitory concentrations
monitored by the checkerboard method were all between 0.25
and 0.38. However, time-kill experiments showed that using half
the MIC of sodium new houttuyfonate combined with oxacillin
and netilmicin, which resulted in MICs that were lower than
normal, could significantly decrease the number of viable colonies
(Luetal., 2013). Furthermore, with the long-term use of penicillin
and methicillin to produce methicillin-resistant Staphylococcus
aureus (MRSA), extraction of fresh H. cordata leaves with ethanol
resulted in higher inhibitory activity than that of aqueous extracts
and decoctions of H. cordata. By comparing the minimum
inhibitory concentration (MIC) of extract on methicillin-
sensitive  Staphylococcus aureus (MSSA) and MRSA, the
concentration range of both was 110 ug/ml~1760 ug/ml, and
MSSA and MRSA with MICs below 440 pg/ml accounted for
70%. The inhibition mechanism may be related to preventing the
formation of bacterial biofilms (Sekita et al., 2016).

Anti-Pseudomonas aeruginosa Activity

Pseudomonas aeruginosa (PA) is a common Gram-negative
bacterium that can easily cause infection in injured parts of
the body and lead to aggravation of disease (Mielko et al,
2019). Sodium houttuyfonate has been shown to have anti-PA
activity through reverse transcription-quantitative polymerase
chain reaction. It was detected that the biosynthesis of
alginate, an important substance for PA biofilm formation,
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was inhibited, which is related to the downregulation of the
expression of synthesis-related algD and algR genes by sodium
houttuyfonate. At the same time, after treatment, scanning
electron microscopy observations revealed that the
morphology of the bacteria changed, and the content of
alginate in the bacterial biofilm was also reduced (Wu et al,
2015). Moreover, sodium houttuyfonate and EDTA-Na,
synergistically enhanced the anti-PA activity. After mice were
treated with sodium houttuyfonate and EDTA-Na, separately for
28 consecutive days, the mortality rate of the mice was 75 and
81.25%, but after 28 days of combined treatment, the case fatality
rate was only 43.75% (Huang et al., 2015). Interestingly, Wu et al.
proved that sodium houttuyfonate inhibited PA activity through
quorum sensing (QS), which is a method of information
exchange between bacteria, using transmitted signal molecules
to control the population size. N-Acyl homoserine lactone (AHL)
is a signalling molecule in the PA population. In a previous study,
sodium houttuyfonate effectively inhibited the synthetic lasl gene
of AHL and reduced the level of expression, and the AHL receptor
and the transcriptional regulator LasR were also inhibited,
thereby downregulating the expression of the virulence factors
pyocyanin and LasA; therefore, the PA population size can be
effectively controlled through AHL mediation (Wu et al., 2014).
Moreover, in a treatment evaluation of sodium houttuyfonate, the
expression of the rhll and pgsA genes, which play key roles in the
QS system, was significantly reduced and interfered with the
production of pyocyanin; additionally, biofilm formation was
monitored, and with the exception of lasA, the expression of the
LasB, LecA, phzM, pqsA, and pilG genes was affected, which
further inhibited the activation of PA virulence factors and
biofilm formation (Zhao et al., 2020). These research results
provide new insights for anti-PA activity.

TOXICITY

As an edible plant, the potential toxicity of H. cordata is usually
ignored; however, recently, some studies reported that liver
cancer is associated with aristolochic acid and aristolactams
(Ng et al, 2017), and investigation of the toxicity mechanism
of aristolochic acid in microphysiological systems showed that
the specific metabolism of aristolochic acid in hepatocytes
increased the cytotoxicity of the proximal tubule epithelial
cells of the kidney (Chang et al., 2017); which caused people
to be concerned about the safety of this plant due to it contains
some aristolactam components (Ahn et al., 2017). However,
aristolochic acid II is highly toxic in vivo due to its
mutagenicity but is slightly toxic in in vitro cell models and
toxicological studies in cell experiments can hardly reflect the true
metabolism in the body (Michl et al, 2014). Furthermore,
experiments in vivo with 95% ethanol extract of H. cordata
directly demonstrated its potential toxicity, and following oral
administration of a single dosage of 2000 mg/kg, no pathological
reaction was observed in the rats during 14 days; however, during
28 consecutive days of oral administration of 500-1,000 mg/kg/d,
a small number of rats died after 15 days, and histopathological
analysis of organ slices showed that vacuum degeneration and
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inflammatory cell infiltration in liver tissue was present in the
1,000 mg/kg group, compared with the oral administration of
ionized water, and a high dose in the kidney caused focal necrosis
of renal epithelial cells, although no pathological signs in other
organs were observed (Chen H. et al., 2021).

Although the above studies have shown the weak potential
toxicity of H. cordata, there are no reports about its toxicity in a
long-term consumption as vegetable and alone medicinal use in
some areas of China and India, and it was listed as one of the plants
that can be used as both food and medicine by the National Health
Commission of China in 2013, indicating that H. cordata is relatively
safe for oral administration in humans. Therefore, more sufficient
and reliable data is needed to reveal its potential toxicity.

DISCUSSION AND CONCLUSION

H. cordata is a medicinal plant with diverse biological activities. In
the studies of organ protective activity, antioxidant stress and
inflammation are important properties determining its
therapeutic potential (Shingnaisui et al., 2018), inflammation and
oxidative stress of the lung, heart, kidney and liver are alleviated.
However, aristolochia derivatives in H. cordata seem to show
nephrotoxicity, which is not consistent with its protective
activity, different dosages may be one reason. It is also
suggesting that the research on the nephrotoxic components and
mechanisms of H. cordata is insufficient. Similarly, in the studies of
alleviating liver injury and anti-liver tumour activity, the active
components of H. cordata are not clear, and the research on the
metabolism of active components seems to be beneficial for H.
cordata to exert its hepatoprotective activity in diet. Overall,
according to the reported literature, H. cordata appears to
demonstrate selectivity for lung tissue, alleviating the processes
of pneumonia (Lee et al, 2015), lung injury (Shi et al, 2020),
pulmonary fibrosis (Ng et al., 2007) and lung tumour (Lou et al.,
2019), which might be supported by the theory of traditional
Chinese medicine. In comparison, H. cordata shows a shortage
in the treatment of digestive and cardiovascular diseases. In studies
of LPS- and virus-induced inflammation in vivo and in vitro, water
extract and ethanol extract of H. cordata and separated flavonoids,
volatile oil, sodium houttuyfonate and polysaccharide components
all showed effective inhibition of the release of inflammatory factors,
which might play an important role in alleviating inflammation,
acute lung injury, heart remodelling and other pathological changes
in tissue. Moreover, the NF-kB and TGB-B1/Smad signalling
pathways are involved in, and whether H. cordata regulates the
inflammatory response through other signalling pathways, only a
few studies have been performed. In antitumour research, inducing
apoptosis and cell cycle arrest are important characteristics of H.
cordata against lung tumour, liver tumour, gastric carcinoma, colon
tumour, and breast tumour. However, we found that components of
the extracts used in the studies are not clear, and it also have not
been fully characterized, which is a common lack in the antitumour
activity and even the whole pharmacological studies of H. cordata.
The experiments of pharmacological research should be carefully
designed, strictly carried out, detailed records, and appropriate
models and accurate determination methods are necessary
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TABLE 1 | Important chemical compositions of Houttuynia cordata.

Houttuynia cordata Thunb: An Ethnopharmacological Review

Species Serial number Ingredients Molecular formula Molecular weight References
Volatile oils (@ Houttuynin C12H2202 198.30 Chen et al. (2014)
(b) Bornyl acetate C12H2002 196.29 Lu et al. (2006)
() B-Myrcene C10H16 136.23 Lu et al. (2006)
(d) Ethyl caprate C12H2402 200.32 Verma et al. (2017)
(e) Ethyl dodecanoate C14H2802 228.38 Verma et al. (2017)
Flavonoids ) 2-Undecanone C11H220 170.30 Verma et al. (2017)
(9) 2-Tridecanone C13H260 198.35 Verma et al. (2017)
(h) Rutinum C27H30016 610.52 Xu et al. (2006)
(i) Hyperoside C21H20012 464.38 Xu et al. (2006)
[0} Quercitrin C21H20011 448.38 Lu et al. (2011)
K Quercetin C15H1007 302.24 WU et al. (2009)
o Houttyunoid A C33H38013 665.22 Chen et al. (2012); Chen S. D. et al. (2013)
(m) Houttyunoid B C32H38012 637.23 Chen et al. (2012); Chen S. D. et al. (2013)
@) Houttyunoid C C33H38013 665.22 Chen et al. (2012); Chen S. D. et al. (2013)
(o) Houttyunoid D C32H40013 655.24 Chen et al. (2012); Chen S. D. et al. (2013)
(9} Houttyunoid E C32H40013 655.24 Chen et al. (2012); Chen S. D. et al. (2013)
Phenolic acids (@) Linolenic acid C18H3202 1,280.44 Bauer et al. (1996)
() Linoleic acid C18H3202 280.44 Bauer et al. (1996)
(s) Oleic acid C18H3402 282.46 Bauer et al. (1996)
® Palmitic acid C16H3202 256.42 Bauer et al. (1996)
(u) Stearic acid C18H3602 284.48 Bauer et al. (1996)
(V) Neochlorogenic acid C16H1809 354.31 Nuengchamnong et al. (2009)
(w) Chlorogenic acid C16H1809 354.31 Nuengchamnong et al. (2009)
(x) 4-Dicaffeoylquinic Acid C16H1809 354.31 Nuengchamnong et al. (2009)
Alkaloids (v) Aristololactam C17H11NO4 293.27 Ma et al. (2017)
¢4l Houttuynoside A C21H22011 450.40 Chou et al. (2009)
(aq) Houttuynamide A C15H15NO2 273.10 Chou et al. (2009)

(Heinrich et al, 2020). Therefore, we suggest that the
pharmacological experiments in vivo and in vitro of H. cordata
should follow the qualitative standards, and more research in
disease prevention and treatment in diet is needed.

H. cordata also shows potential in combination with other
drugs. As a traditional basic antiviral and antibacterial Chinese
medicine, research on H. cordata eye drops combined with
olopatadine hydrochloride in the treatment of vernal
keratoconjunctivitis revealed the synergistic effect of this
combination (Xu and Cai, 2019). Additionally, a clinical trial
involving  mangosteen,  Lithospermum  officinale, — Tribulus
terrestris L., and H. cordata extracts in the treatment of mild to
moderate acne showed that inflammation and noninflammatory
skin lesion counts were significantly reduced (Yang et al., 2021).
More importantly, the synergistic use of H. cordata shows effective
activity in alleviating diabetes insulin resistance (Wang et al., 2017)
and anticancer pain (Wan et al., 2016), anti-bacterial and auxiliary
cell transplantation, which may be an important aspect of the
research on the therapeutic activity of H. cordata in the future. It is
noteworthy that the adverse event evaluation of H. cordata
injection showed that anaphylactic shock caused in the
treatment, and synergistic use of penicillins, cephalosporins and
macrolides increases the risk of allergic reactions (Wang et al,
2010). Due to the various phytochemical components of H.
cordata, its pharmacological activity seems too optimistic, and
its potential risks should be carefully studied. A preparation
technology that used macroporous resin to extract the essential
oil of H. cordata and then embedded the microemulsion to
improve its biological activity and safety suggests the direction
of the future development of H. cordata and its derivative

compounds as agents (Pang et al,, 2017), and the combination
of H. cordata and a drug delivery system is expected to further
enhance its potential in treatment.

Furthermore, H. cordata showed effective mitigating activity
in various diseases, but it cannot be ignored of its liver toxicity
and nephrotoxicity, which seem to appear at a high dose;
therefore, research based on toxicology and pharmacology still
needs to be strengthened to promote its role as an agent in the
treatment of diseases. In addition, the pharmacological studies of
the compound in vitro and even in vivo are not evidence that it
can be converted into a drug to play a therapeutic role. Structural
modification based on effective natural ingredients is expected to
help reduce toxicity and enhance therapeutic activity, such as the
B-elemene component in the rhizome of Wenyujin has been
approved by the China Food and Drug Administration (CFDA)
to treat a variety of cancers (Bai et al, 2021). Therefore, in
research on the bioactive components of H. cordata, structural
modification may be an aspect that needs to be paid attention to.
Overall, studying the components and its pharmacological,
toxicological activity of H. cordata, and to provide more data
to eliminate potential risks; and also reasonable synergistic use
and structural modification of compounds are still important
topics for future research.
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The health benefits and toxicity of plant products are largely dependent on their secondary
metabolite contents. These compounds are biosynthesized by plants as protection
mechanisms against environmental factors and infectious agents. This review
discusses the traditional uses, phytochemical constituents and health benefits of plant
species in genus Zanthoxylum with a focus on cancer, microbial and parasitic infections,
and sickle cell disease as reported in articles published from 1970 to 2021 in peer-
reviewed journals and indexed in major scientific databases. Generally, Z. species are
widely distributed in Asia, America and Africa, where they are used as food and for disease
treatment. Several compounds belonging to alkaloids, flavonoids, terpencids, and lignans,
among others have been isolated from Z. species. This review discusses the biological
activities reported for the plant species and their phytochemicals, including anticancer,
antibacterial, antifungal, antiviral, anti-trypanosomal, antimalarial and anti-sickling
properties. The safety profiles and suggestions for conservation of the Z. species were
also discussed. Taken together, this review demonstrates that Z. species are rich in a wide
range of bioactive phytochemicals with multiple health benefits, but more research is
needed towards their practical application in the development of functional foods,
nutraceuticals and lead compounds for new drugs.

Keywords: Zanthoxylum, Ethnobotany, health benefits, phytochemicals, functional foods, Nutraceutials

INTRODUCTION

Humans have continually depended on plants for food and medicine. Plants produce secondary
metabolites in response to infective agents and environmental factors. Consequently, efforts have
been made to isolate, characterize and investigate the beneficial effects of plant-derived secondary
metabolites on human health. Notably, several bioactive compounds from plants have provided
inspirations for the synthesis of chemical drugs, such as artesunates from artemisinins and quinolone
antimalarials from quinine (Karunamoorthi et al., 2013; Lifongo et al., 2014; Pawar 2014; Numonov et al.,
2019). Natural product chemists often rely on traditional knowledge on plants with medicinal potentials
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to produce crude extracts with biological activities. This process is
followed by downstream processing to isolate the bioactive
compounds, and structural characterization to identify them. In
some cases, chemical modifications of the phytochemicals are used
to produce more clinically effective and safer entities.

Zanthoxylum species, also known as Fagara species, have a long
history of use as sources of food and drug by locals in different parts
of Asia, America and Africa. In traditional medicine, many of the
plant species are used in treating sickle cell anemia, trypanosomiasis,
malaria and microbial infections, including tuberculosis and
enteritis, with Z. zanthoxyloides Lam being the most reported
species for these applications (Erichsen-Brown 1979; Burkill
1985). For example, fruits of Z. lepreurii Guill. and Perr. and Z.
zanthoxyloides Lam are used in managing fever, malaria, tumors and
sickle cell anemia (Tamdem 2019) while the stem bark, leaves, and
roots are applied to suppress pain, and to treat arthritis, leprosy,
stomachache and venereal diseases in Cameroon (Burkill 1998;
Ngoumfo et al.,, 2010). Furthermore, different parts of Z. lepreurii
are used to treat or manage tuberculosis, malaria, human
immunodeficiency virus (HIV) and several types of bacterial
infection in Uganda and other parts of Africa (Lamorde et al,
2010; Tabuti et al., 2010; Bunalema et al., 2014). In China and other
parts of Eastern Asia, Z. bungeanum Maxim. (Syn. Z. piperitum
Benn.) is widely used as a food condiment because of its perceived
health benefits Hwang et al. (2008) and as cosmetics for maintaining
skin quality (Hwang et al, 2020). In Chinese medicine, Z.
bungeanum is used as spices and for treating infection and bone
diseases (Lee and Lim 2008; Kim et al., 2017). The leaves, fruits and
barks are used in treating bacterial and fungal infections, as spices,
and for food preservation in Japan (Hatano et al., 2004). Similarly,
different parts of Z. schinifolium Siebold and Zucc. are used as food
condiments and for treating stomach pain, diarrhea, jaundice, and
cold in Eastern Asia (Cui et al, 2009). Furthermore, herbal
preparation from different parts of Z. americanum Mill. is
traditionally used for treating tumors, fungal skin infections,
respiratory, urinary, genital and gastrointestinal (GIT) diseases by
herbal healers in Canada and United States (Moerman 1998). In
Kanayatn Dayak Community, West Kalimantan, Indonesia, the
stem and root of Z. bungeanum are consumed raw or after
boiling in water to prevent alcohol intoxication and treat
respiratory diseases (Sepsamli and Prihastanti 2019). Other
traditional and ethnobotanical uses of Z. species have been
discussed elsewhere (Patino et al.,, 2012; Adewole 2020; Lu et al.,
2020a; Obakiro et al., 2020; Okagu et al., 2021). The objectives of this
review are to discuss (1) the potential of Z. species as sources of
bioactive phytochemicals that can be applied in the management
and treatment of cancer, microbial and parasitic infections, and
sickle cell disease; (2) chemical constituents involved in these
biological activities; and (3) safety issues and suggestions for
conservation of the plant species.

LITERATURE SEARCH STRATEGY AND
CRITERIA FOR SELECTION OF ARTICLES

This study used a strategy similar to that reported by Nigussie
et al. (2021). From repositories and search engines (PubMed,

Health benefits of Zanthoxylum species

ScienceDirect, and Google Scholar), information related to the
health benefits of Z. species, with emphasis on anticancer, anti-
trypanosomal, antimicrobial, antiviral, antimalarial and anti-
sickling ~ properties, in  peer-reviewed journals and
ethnobotanical surveys published from 1970-July 3, 2021 were
retrieved. The titles and abstracts of the studies were scanned
using the inclusion criteria for this study. The search terms
included cytotoxicity, anticancer, antimicrobial, antibacterial,
anti-mycobacterial, antimalarial, antiviral,  larvicidal,
trypanocidal, anti-sickling and antiproliferative effect of
Zanthoxylum species, Fagara species, and medicinal plants. In
some cases, articles citing older papers and references of recent
papers were used to obtain additional articles of interest. Studies
reporting the biological activities of interest on different parts of
Z. species including seeds, fruits, stem/stem bark, fruits, and root/
root bark were included. Biological activities of crude extracts,
their fractions and isolated compounds were also included.
Where available, the mechanisms of action of the extract or
isolated compounds were retrieved. Reviews, newspaper and
other non-peer-reviewed articles were excluded. Similarly,
studies reporting biological activities of Z. species other than
those under consideration and in languages other than English
were excluded. In this review, a test substance is considered
bioactive when the outcome of the substance-treated group
was substantial when determined qualitatively or quantitatively
compared to controls (untreated group or group that received a
standard drug).

The correctness of the scientific/botanical names of the plants
reported in the included studies were confirmed with names
available in botanical databases, including www.theplantlist.org,
https://www.ipni.org/,  https://www.ncbi.nlm.nih.gov/Taxonomy/
Browser/, and https://www.tropicos.org. In cases where the plant
name in the article was not the acceptable taxonomical
nomenclature, the name in the botanical databases was used. A
number of reviews have records of plant species in genus
Zanthoxylum, including Z. armatum DC (Brijwal et al, 2013;
Mukhtar and Kalsi 2018; Paul et al., 2018; Verma et al.,, 2021), Z.
limonella (Supabphol and Tangjitjareonkun 2014), Z. nitidum
(Roxb.) DC (Lu et al, 2020a), Z. rhetsa (Roxb.) DC (Maduka
and Ikpa, 2021), and Zanthoxylum bungeanum Maxim (Zhang
M. et al, 2017). Some of these reviews are not comprehensive,
while others focused on health benefits related to metabolic diseases
(Okagu et al., 2021) or the phytoconstituents such as alkaloids (Yuan
et al,, 2015; Wei et al,, 2021), or were published in non-English
languages (Zhang M. et al, 2017). In some previous reviews on
traditional uses, only selected species were discussed with respect to a
particular disease condition, e.g., Imaga (2010) on sickle cell anemia,
Ochwang’i et al. (2014) on cancer, Sinan et al. (2019) on malaria, and
Obakiro et al. (2020) on tuberculosis. These reviews were carefully
analyzed and most of the reviewed studies were excluded from the
present review. Hence, this review covers information on the
phytochemistry and biological activities of interest for 25 plants
species in Genus Zanthoxylum, namely Z. leprieurii Guill. and Perr.,
Z. bungeanum Maxim. (Syn. Z. nitidum Bunge; Z. piperitum Benn,;
Z.bungeanum var. bungeanum; Z. simulans Hance); Z. schinifolium
Siebold and Zucc,, Z. clava-herculis L., Z. heitzii (Aubrév. and
Pellegr.) P.G.Waterman, Z. chalybeum Engl, Z. ailanthoides
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Siebold and Zucc., Z. acanthopodium DC., Z. zanthoxyloides (Lam.)
Zepern. and Timler, Z. paracanthum Kokwaro, Z. riedelianum Engl.,
Z. americanum Mill, Z. armatum DC. (Syn. Z. alatum Roxb.), Z.
rhetsa DC, Z. buesgenii (Engl) P.G.Waterman, Z.
madagascariense Baker, Z. austrosinense C.C. Huang, Z. schreberi
(J.F.Gmel.) Reynel ex C. Nelson (Syn. Z. monophyllum (Lam.) P.
Wilson), Z. rhoifolium Lam., Z. davyi Waterm., Z. ovalifolium
Tutcher, Z. fagara (L.) Sarg, Z. tingoassuiba A. St.-Hil., Z. gilletii
(De Wild.) P.G.Waterman, and Z. poggei (Engl.) P.G.Waterman.

ZANTHOXYLUM SPECIES AS POTENTIAL
SOURCES OF ANTICANCER AGENTS

Cancer is a disease that is characterized by uncontrolled cell
division and loss of contact inhibition, leading to formation of
tumors. Cancers are resistant to apoptosis and develop angiogenic
and metastatic potentials. Prevalence of cancer is rising
worldwide, even in developing countries where the rise is
partly due to adoption of the Western diet and sedentary
lifestyle, and increase in the aging population, among other
factors (Morounke et al., 2017). Cancer-related deaths are
higher in economically poor countries due to late detection
and poor access to treatment and support (India State-Level
Disease Burden Initiative Cancer Collaborators, 2018). The
number of cancer cases and cancer deaths globally are
projected to increase geometrically in the future (Smittenaar
2016), thus placing cancer as a major global health
issue. A number of approaches, such as radiation therapies,
chemotherapies and surgeries, or their combination, are
available for cancer management and treatment. Radiation
therapies and surgeries are effective but present cancer
patients with discomfort. In most cases, chemotherapies are
linked with side effects and some cancers are resistant to
chemotherapy. Development of clinically potent cancer drugs
that are selectively toxic to cancer cells without harming normal
cells has become a public health priority. One promising strategy
is to search for natural products with cancer cell-specific
cytotoxicity. Some natural compounds from plants and marine
organisms have promising applications as anticancer agents
(Lichota and Gwozdzinski 2018). Traditionally, medicinal
plants have been used for treating cancer in different parts of
the world (Abubakar et al., 2020; Adewole 2020). Medicinal
plants belonging to Z. species and their phytochemicals with
anticancer properties are discussed below.

The potential of Z. species in the treatment of cancer has been
assessed using both drug-sensitive and drug-resistant cancer cells.
For example, antiproliferative activities have been demonstrated
using cell culture studies for extracts of Z. clava-herculis L. stem
bark against lung cancer (A549) (Wansi et al, 2009), Z
ailanthoides Seibold. and Zucc. stem against human colon
cancer cell line (Colo 205) (Chou et al, 2011), Z. heitzii
(Aubrév. and Pellegr.) P.G.Waterman fruits and barks against
cervical cancer (HeLa), breast cancer (MCEF-7), acute monocytic
leukemia (THP-1) and human Caucasian prostate cancer (PC-3)
(Dzoyem et al.,, 2013), Z. leprieuii and Z. zanthoxyloides fruits
against PC-3, MCF-7, liver (WRL-68), and colon (Caco-2) (Misra

et al,
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FIGURE 1 | Proposed mechanism of anticancer activities of natural
products from Zanthoxylum species. CAT, catalase; GPx, glutathione
peroxidase; COX-2, cyclooxygenase-2; VEGFR-2, vascular endothelial
growth factor receptor-2; CDK1, cyclin-dependent kinase-1; ROS,

reactive oxygen species; Bax, Bcl-2-associated X protein; APAF-1, apoptosis
protein activating factor-1.

etal,, 2013), Z. rhetsa DC. stem bark and root bark against human
stomach-cancer cell lines, SCL, SCL-6, SCL-3706, SCL-9, Kato-3,
and NUGC-4 (Ahsan et al., 2014), Z. chalybeum Engl. and Z.
parachanthum Kowaro stem bark against drug-sensitive and
multidrug-resistant leukemia cell lines (CCRF-CEM and CEM/
ADR5000) (Omosa et al., 2019), Z. acanthopodium DC. seed
against MCF-7 cell line (ArSlt’l et al., 2019), Z. zanthoxyloides
roots against liver cancer (HCC), larynx cancer (HEp2) and
breast cancer (BT549) (Andima et al, 2020), and Z
paracanthum root bark against human breast cancer (HCC
1395) and human prostate cancer (DU 145) cell lines
(Kaigongi et al., 2020). Most of these reports are inspired by
the traditional uses of the plant in managing health conditions,
including cancer. Specifically, decoctions of different parts of
Zanthoxylum poggei (Engl.) P. G. Waterman are ingested to treat
tumors, among other health issues, in Cameroon and Congo
(Wouatsa et al., 2013). Using a combination of chromatographic
and  spectrophotometric ~ techniques,  acridone  and
indoloquinazoline alkaloids, poggeicridone and 2-methoxy-7,8-
dehydroruteacarpine, respectively were isolated from stem bark
of the plant. On exposure to cultured PC-3 cells, the two alkaloids
elicited significant cytotoxic effects with ICso values of 15.8 and
22.1 uM, respectively compared to ICs, value of 0.9 uM for
doxorubicin, the reference anticancer drug (Wansi et al., 2016).

These reports have provided support to the traditional uses of
decoctions of Z. species alone or as a cocktail with other plant species
for managing cancer. Most anticancer natural products act by blocking
different mechanisms through which cancer cells grow, multiply and
invade other cells, as well as resist the immune system. These
mechanisms include the induction of cell cycle arrest, apoptosis and
oxidative stress, as well as inhibition of angiogenesis, metastasis and
growth signaling pathways in cancer cells (Ahmad et al, 2003;
Michalkova et al, 2021). As shown in Figure 1, extracts of Z
species have been demonstrated to elicit anticancer properties via
inhibition of angiogenesis Harahap et al. (2018) and DNA synthesis,

Frontiers in Pharmacology | www.frontiersin.org

68

September 2021 | Volume 12 | Article 713090


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Okagu et al.

TABLE 1 | Summary of in vitro anticancer properties of Z. species extracts.

Extract Range Cancer model
of Z. species of concentration
tested

Ethanol extract of Z. ailanthoides
stem

31.25-500 pg/ ml
cells

Ethyl acetate extract of Z. 31.25-500 pg/ ml 4T1 breast cancer cells

Colo 205, Hep G2, B16-F1 and WEHI-3

Health benefits of Zanthoxylum species

Pharmacological effects References
Suppressed cell viability by 46.4, 18.1, 9.2, and  Chou et al.
5.2%, respectively. Extract induced apoptosis (2011)

and cell cycle arrest at G2/M phase and increased
ROS and Ca?* levels, leading to cell damage.

Cytotoxic against cancer cells with ICsq value of  Harahap et al.

acanthopodium fruits 48.1 pg/ ml. Induced cell cycle arrest at G2/M (2018)

phase and inhibited angiogenesis via suppression

of gene expression of COX-2 and VEGFR-2.
Saponin-rich ethanol extract of Z. 10-500 pg/ ml Human breast cancer (MDA-MB-468 and At 200 pg/ ml, fruit, bark and leaf extracts Alam et al.
armatum DC fruit, bark and MCF-7) and colorectal cancer (Caco-2) inhibited the proliferation of MDA MB-468 by 95, (2017)
leaves cells 94.5 and 85.3%, MCF-7 by 79.8, 9.43 and

49.08%, and Caco-2 by 75.8, 61.8 and 68.62%,

respectively. Inhibited DNA synthesis and induced

apoptosis of the cancer cells.
Methanol extracts of fruits and 10-100 pg/ ml Human leukemia (HL-60) cells Cytotoxic against cancer cells with ICsq values of ~ Pieme et al.
barks of Z. heitzii 20 and 12 pg/ ml, respectively for fruit and bark ~ (2014)

extracts. Acted by generating mitochondrial-

dependent apoptosis and Go/G1 phase arrest of

the cancer cell cycle.
Methanol extract of Z. heitzii bark 1-100 pg/ml Cervical cancer (Hela), breast cancer Bark extract showed antiproliferative effects with  Dzoyem et al.
and fruits (MCF-7), acute monocytic leukemia (THP-  ICsq values of 66, 76, 8.4, and 42 pg/ ml, (2013)

1) and prostate cancer (PC-3) cells respectively while the fruit extract was only active

against PC-3 and MCF-7 cells with ICsq values of

56 and 26 pg/ ml, respectively.
Methanol extract of Z. leprieuii 1-100 mg/ ml PC-3, MCF-7, liver (WRL-68), and colon Cytotoxic against the cancer cells with ICsg values  Misra et al.
fruits (Caco-2) cells of 88, >200, 17 and 60 ug/ml, respectively relative  (2013)

to doxorubicin with ICsq values of 5.0, 2.1, 0.85

and 3.3 pg/ml, respectively
Methanol extract of Z. 1-100 mg/ ml PC-3, MCF-7, WRL-68, and Caco-2 cells  Antiproliferative against the cancer cells with ICsq  Misra et al.
zanthoxyloides fruits values of 59, 55, 17 and 66 ug/ ml, respectively  (2013)
Dichloromethane/methanol 0.14-100 pg/ ml Human breast cancer (HCC 1395) and Cytotoxic against cancer cells with ICso values of ~ Kaigongi et al.
extract of Z. paracanthum root human prostate cancer (DU 145) cells 28.28 and 7.27 pg/ ml, respectively (2020)

bark

induction of apoptosis Alam et al. (2017) and cell cycle arrest
at Go/Gl Pieme et al. (2014) and G2-M phases, and
suppression of cyclooxygenase (COX)-2 and vascular
endothelial growth factor receptor type-2 (VEGFR-2)
expression (Harahap et al, 2018); Table 1 presents the
anticancer properties of crude extracts of Z. species whose
anticancer constituents are unknown.

Several studies have isolated the Z. species phytochemicals that
may be responsible for their in vitro anticancer properties. Based on
their classes, chemical compounds derived from Z. species with
substantial inhibitory activities against cultured cancer cells are
discussed below. An orbitide, [1-8-NaC]-zanriorb Al, isolated
from Z. riedelianum Engl. leaves inhibited the proliferation of
Jurkat leukemia T cells (ICsy 218 nM) by inducing apoptosis
(Beirigo et al, 2016). In addition, phenolic compounds isolated
from Z. ailanthoides stem, chlorogenic acid, flavone and isoflaxidin,
were shown to suppress Colo 205 viability and induce apoptosis and
cell cycle arrest at the G2/M-phase via upregulation of the expression
of apoptosis-inducing factor, endonuclease G, and caspases 3, 7,
and 9 while suppressing fatty acid synthase (FAS) (Chou et al,,
2011). FAS is a multifunctional enzyme complex that is gaining
attention as a target for cancer management. The inhibition of
FAS activity in many cancer cells induce restimulation-induced

cell death, one of the notable apoptotic pathways (Fhu and Ali
2020). Similarly, an alkamide, 4-(isoprenyloxy)-3-methoxy-3,4-
deoxymethylenedioxyfagaramide, isolated from Z. chalybeum
stem bark was moderately cytotoxic against CCRF-CEM and
CEM/ADRS5000 cells with ICsy values of 29.13 and 31 pM,
respectively (Omosa et al, 2019), although the bioactivity
mechanism is unknown. Such mechanistic information may
facilitate the identification of specific molecular targets and
derivatives of the compound with enhanced potency.
Furthermore, Z. species have been reported to contain several
coumarins with broad-spectrum anticancer activities. For
example, coumarins from Z. schinifolium stem, collinin, 8-
methoxyanisocoumarin H and acetoxyschinifolin, significantly
halted the proliferation of PC-3, HL-60, and colorectal (SNUC5)
cancer cells with respective ICs values of 4.62, 4.39 and 6.26 uM
by collinin, ICsy of 5.02, 1222 and 335 by 8-
methoxyanisocoumarin H, and ICs, values of 5.12, 33.81 and
35.11 uM by acetoxyschinifolin. The coumarins acted by
inducing apoptosis and suppression of the expression of genes
(p-ERK1/2 MAPK, p-AKT, and c-myc) involved in cancer
development and progression (Li et al., 2013). Furthermore, a
pyranocoumarin from Z. ailanthoides stem bark, luvangetin
exhibited weaker cytotoxic activity against human lung cancer
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(A-549) cells with an ICs value of 4.28 ug/ ml compared to 5-
fluorouracil, a known anticancer agent (ICs, of 0.6 pg/ ml) (Cao
et al, 2013). Nonetheless, the potential of luvangetin can be
further explored by structural modification to possibly obtain
more potent anticancer derivatives.

Zanthoxylum-isolated lignans have also been reported to have
anticancer activities. Sesamin from Z. parachanthum
demonstrated cytotoxic activity against CCRF-CEM and CEM/
ADRS5000 cancer cells with ICs values of 40.74 and 30.70 pM,
respectively (Omosa et al., 2019). In addition, (-)-xanthoxylol-
3,3-dimethylallyl ether from Z. bungeanum Maxim stem bark
was cytotoxic against MCF-7 cancer cells with an ICs, of
18.65ug/ ml (Yang et al, 2009) while asarinin from Z.
americanum stem suppressed the proliferation of HL-60
cancer cells with ICsy of 11.64puM (Ju Y et al, 2001).
Interestingly, the cytotoxicity of kobusin from Z. rhetsa bark
against mouse melanoma (B16-F10) cells was weaker (ICs, values
of 112.2 pg/ ml) Santhanam et al. (2016) than the activity of
kobusin from Z. armatum bark against human lung (A549) and
pancreatic (MIA-PaCa) cancer cells (ICs, values of 34.71 and
32.86 ug/ ml, respectively) (Mukhija et al, 2014). This
demonstrates that activity is dependent on the cancer cell
type, possibly because of differences in bioaccessibility of the
compounds, their molecular targets and anticancer mechanisms.
In general, the lignans acted by inducing apoptosis and cell cycle
arrest, and inhibiting DNA synthesis in the cancer cells. In
addition to the broad-spectrum antiproliferative properties, the
potential of these lignans as anticancer agents is strengthened by
the absence of cytotoxicity to human dermal fibroblasts and
peripheral blood mononuclear cells.

In many studies, Zanthoxylum alkaloids were reported to
exhibit cytotoxic activity against cancer cells in vitro (Wei
et al, 2021). Specifically, a furoquinoline alkaloid,
skimmianine, demonstrated cytotoxic activity against MCF-7
cancer cells with an ICsy value of 8.03 pg/ml while an
aporphine alkaloid, liriodenine, was cytotoxic against MCF-7,
NCI-H460, and SF-268 cancer cells with ICs, values of 3.19, 2.38
and 2.19 pg/ ml, respectively (Andima et al, 2020). Recently,
acridone alkaloids, fabiocinine and arborinine, and
skimmianine from Z. leprieurii Guill. and Perr. root bark were
reported to exhibit selective cytotoxicity against HeLa cells with
ICso values of 28.49, 62.71 and 12.8 pg/ ml, respectively, which
were lower than the activity of anticancer agent, emetine (ICso
values of 0.026 pg/ ml against HeLa cells) (Eze et al, 2020).
Similarly, an indole alkaloid, canthin-6-one from Z.
parachanthum inhibited CCRF-CEM and CEM/ADRS5000
cancer cell proliferation with ICs, values of 15.82 and
10.52 uM, respectively (Omosa et al, 2019). Unlike
doxorubicin, canthin-6-one demonstrated selective cytotoxicity
against the drug-resistant cell line without affecting normal
human peripheral blood mononuclear cells (Omosa et al,
2019). In other cancer cells (HCC 1395 and DU 145),
canthin-6-one and its derivative, 10-methoxycanthin-6-one,
from the same plant were strongly cytotoxic with ICs, values
of 8.12, and 9.43 pg/ ml, and 14.70 and 1.58 pg/ ml, respectively
(Kaigongi et al., 2020). Despite its lower cytotoxicity against
cancer cells compared to doxorubicin, the better selectivity/

Health benefits of Zanthoxylum species

nontoxicity to normal cells positions canthin-6-one as a
promising candidate with a broad-spectrum anticancer activity.

Furthermore, benzophenanthridine alkaloid, 1-methoxy-12-
methyl-12,13-dihydro-(1,3) dioxolo (4',5":4,5) benzo (1,2-¢)
phenanthridine-2,13-diol, from the aerial parts of Z. buesgenii
(Engl.) P.G.Waterman showed moderate to strong cytotoxicity
against sensitive and multidrug resistant cancer cells (CCRF-
CEM, CEM/ADR5000, MDA-MB231, MDA-MB231/BCRP,
HCT116  (p53*%),  HCT116  (p537),  US7MG,
U87MG.AEGFR, and HepG2) with IC5, values of 0.24, 31.58,
30.14, 65.01, 42.46, 62.34, 60.55, 61.84, and 22.37, respectively,
while sparing normal human liver (AML12) cells (Sandjo et al.,
2014). Due to the broad-spectrum anticancer activity of the
benzophenanthridine and aporphine alkaloids, further studies
are required to understand the molecular mechanism of action
against the cancer cells. Benzophenanthridine alkaloid from
another species (Z. madagascariense Baker), rutaceline, showed
inhibitory activity against Caco-2 cells by inducing apoptosis, cell
cycle arrest at the GO/G1 phase and DNA fragmentation, and by
inhibiting DNA synthesis (Pachon et al., 2007). Acting via similar
mechanisms (induction of apoptosis and cell cycle arrest by
strong binding to cyclin-dependent kinases (CDK2 and
CDK6) and «caspases 3 and 8), the ability of a
benzophenanthridine alkaloid from Z. zanthoxyloides roots,
dihydrochelerythrine to exhibit significant cytotoxicity against
HCC and BT549 cancer cells Andima et al. (2020) demonstrates
the strong anticancer potential of the benzophenanthridine
alkaloids from Z. species. Through unknown mechanisms,
other alkaloids such as isoquinoline alkaloids (e.g. nitidine,
fagaronine chelerythridine and sanguinarine) from Z.
bungeanum elicited selective DNA damage and cytotoxicity
against mouse lymphocytic leukemia cells in vitro (Kaminskyy
et al., 2008; Liao et al., 2013; Tian et al., 2017). Similarly, Z.
austrosinense C.C. Huang root-derived carbazole alkaloids,
zanthoaustrones A-C, exhibited strong antiproliferative
activities against human leukemia (HL-60), liver (SMMC-
7721), lung (A-549), breast (MCF-7) and colon (SW480)
cancer cell lines (Fu et al, 2020). Despite the promising
in vitro anticancer activities reported, the experimental designs
often did not include appropriate positive controls. This is needed
for validation of anticancer activities prior to in vivo studies,
considering potential differences in assay conditions that may
influence cellular activities.

Redox imbalance in cancer cells caused by reduction in
antioxidant status and elevation of ROS production and lipid
peroxidation has been targeted as a major mechanism through
which some plant-derived compounds induce apoptosis (Redza-
Dutordoir and Averill-Bates 2016). Other mechanisms include
caspase-mediated signaling, which induces apoptosis, and p53-
mediated cell cycle arrest (Zhang Y. et al., 2017). For example, an
acridone alkaloid derivative (2-aminoacetamido-10-
(3,5-dimethoxy)-benzyl-9(10H)-acridone hydrochloride) was
shown to Kkill leukemia cells by decreasing mitochondrial
transmembrane potential while increasing the expression of
Bax, cytochrome C and apoptosis protein activating factor-1 to
form an apoptosome (Wang et al, 2013). Formation of
apoptosome activates caspase-9 with concomitant activation of
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TABLE 2 | Chemical compounds isolated from Zanthoxylum species with in vitro anticancer properties.

Compounds Class of Z. species
compound of source
[1-8-NaC]-zanriorb A1 Orbitide Z. riedelianum leaves
Chlorogenic acid Phenolics Z. ailanthoides stem
Flavone
Isoflaxidin
4-(isoprenyloxy)-3-methoxy-3,4- Alkamide Z. chalybeum stem
deoxymethylenedioxyfagaramide bark
Collinin Coumarin Z. schinifolium stem
8-methoxyanisocoumarin H
Acetoxyschinifolin
Luvangetin Coumarin Z. ailanthoides stem
bark
Sesamin Lignan Z. parachanthum
(-)- xanthoxylol-3,3-dimethylallyl ether Lignan Z. nitidum stem bark
Asarinin Lignan Z. americanum stem
Kobusin Lignan Z. armatum bark and
Z. rhetsa bark
Skimmianine Alkaloid Z. bungeanum root
Liriodenine Alkaloid Z. zanthoxyloides
root
1-methoxy-12-methyl-12,13-dihydro- Alkaloid Z. buesgenii aerial
[1,3]dioxolo [4',5":4,5]benzo [1,2-c] parts
phenanthridine-2,13-diol
Rutaceline Alkaloid Z. madagascariense
bark
Dihydrochelerythrine Alkaloid Z. zanthoxyloides
roots
Nitidine Alkaloid Z. bungeanum stem
Fagaronine
Chelerythridine
Sanguinarine
Zanthoaustrones A-C Alkaloid Z. austrosinense root
Canthin-6-one Alkaloid Z. parachanthum
bark
10-methoxycanthin-6-one Alkaloid Z. parachanthum
bark
hyperoside flavonol Z. bungeanum leaves
glycoside

NR, Not reported.

caspase-3, the final inducer of apoptosis. The increase in
intracellular ROS production induced by natural products also
alters membrane phospholipid composition and integrity, all of
which contribute to cancer cell death (Rahman et al., 2021).
Taken together, Z. species contain a repertoire of
phytochemicals with promising application in the treatment of
cancer. However, the reviewed studies were conducted in cell
cultures in vitro, without validation of physiological anticancer

Health benefits of Zanthoxylum species

Cancer cell Mechanism of Reference
model action
Jurkat leukemia T cells Induced apoptosis Beirigo et al.
(2016)

Human colon cancers (Colo 205)

Induced apoptosis and cell
cycle arrest at the G2/
M-phase

Chouetal. (2011)

CCRF-CEM and CEM/ADR5000  NR Omosa et al.
cancer cells (2019)
PC-3, HL-60 and colorectal Induced apoptosis and Li et al. (2013)

(SNUCE)) cells

suppressed the expression
of p-ERK1/2 MAPK,
p-AKT, and c-myc genes

A-549 cells NR Cao et al. (2013)

CCRF-CEM and CEM/ADR5000  NR Omosa et al.

cells (2019)

MCF-7 cells NR Yang et al. (2009)

HL-60 cancer cells NR Ju Y et al. (2001)

mouse melanoma (B16-F10) cells  NR Mukhija et al.,
2014;
Santhanam et al.,
2016

MCF-7 cells NR Andima et al.
(2020)

MCF-7, NCI-H460, and SF-268 NR Andima et al.

cancer cells (2020)

CCRF-CEM, CEM/ADR5000, NR Sandjo et al.

MDA-MB231, MDA-MB231/ (2014)

BCRP, HCT116 (p53*/%),

HCT116 (p5377), USTMG,

UB7MG.AEGFR, and HepG2 cells

Caco-2 cells NR Pachon et al.
(2007)

HCC and BT549 cells NR Andima et al.
(2020)

Mouse lymphocytic leukemia cells

Induced apoptosis and

Liao et al., 2013;

DNA damage Tian et al., 2017

HL-60 cells NR Fu et al. (2020)
CCRF-CEM, CEM/ADR5000, NR Omosa et al.,
HCC 1395 and DU 145 cells 2019; Kaigongi

et al., 2020
HCC 1395 and DU 145 cells NR Kaigongi et al.

(2020)
Human colorectal cancer cells Induced cell cycle arrest at ~ Zhang et al.
(SW620) G2/M phase and apoptosis  (2017Db)

effects of the extracts or isolated compounds using model
organisms or in humans. This is a major limitation of the
studies because of pharmacokinetic and pharmacodymanic
considerations, ~ which  influence the  bioaccessibility,
bioavailability and target binding/sensitivity of the compounds.
Furthermore, some cancer cells have developed mechanisms for
resisting the cytotoxic actions of some anticancer agents, such as
reduced expression of drug targets while upregulating the
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expression of alternative survival pathways (Pistritto et al., 2016;
Bukowski et al., 2020). Consequently, the multiple target
mechanisms of anticancer activities identified in vitro for some
Z. species-derived compounds make them strong candidates for
in vivo studies and human clinical trials, and further development
as anticancer agents. Chemical compounds isolated from Z.
species with anticancer properties and their molecular
mechanisms are presented in Table 2; Figure 1.

ZANTHOXYLUM SPECIES AS POTENTIAL
SOURCES OF ANTIMICROBIAL AGENTS

Microorganisms play many roles essential for human survival
and are used as sources of drugs such as antibiotics. However,
many strains of bacteria and fungi, such as Streptococcus mutans,
S. aereus, Mycobacterium tuberculosis, K. pneumoniae, Candida
species, and Escherichia coli are causative agents of many diseases
of clinical importance. Several classes of antimicrobial drugs are
used to control microbial infections, by suppressing microbial
growth or killing them. However, survival pressure has led to the
emergence and spread of antibiotics-resistant strains of many
microorganisms, including those that are resistant to multiple
drugs of the same or different classes (multi-drug resistant
strains). These drug resistant strains have led to prolonged
treatment  duration, frequent hospitalization, increased
healthcare cost and mortality from treatable microbial infections
(Naylor et al, 2018). This necessitates the urgent search for
clinically effective antimicrobial agents against these “superbugs”.

Antimicrobial agents from herbs that are traditionally used in
treating microbial infections are being isolated and assessed for
activities against drug-resistant microbial strains. Many natural
products derived from genus Zanthoxylum show promising
antimicrobial activities against bacteria and fungi of public
health importance. Investigations for antimicrobial activities
are mostly guided by traditional uses of the plant species in
the treatment of infectious diseases. Among the Z. species, Z.
zanthoxyloides is well known for its use in the management of
microbial infections in China and Korea and other parts of Asia
as well as in Uganda, Nigeria and Ghana (Anokbonggo et al,
1990; Ngono-Ngane et al., 2000; Imaga 2010; Ynalvez et al., 2012;
Ouédraogo et al.,, 2019; Adeeyo et al., 2020). Additionally, Z.
zanthoxyloides is used as chewing stick and to treat oral infections
and toothaches (Anyanwu and Okoye 2017), thus suggesting that
the plant species may have antimicrobial activities against oral
pathogens. Similarly, Z. rhetsa has been used against urogenital
microbial infections and in disinfection of contaminated surfaces
in Bangladesh (Yusuf et al., 1994), while Z. lemairei (De Wild)
P.G. Waterman is used against malaria and diarrhea (Adesina
et al,, 1997), Z. chalybeum stem bark against malaria in Rwanda
and Ivory Coast (Kamanzi Atindehou et al., 2002), and Z
schreberi (J.F.Gmel.) Reynel ex C. Nelson in treating eye
infections in the Caribbean, Venezuela, Colombia and Costa
Rica (Rodriguez-Guzman et al.,, 2011).

Instead of the whole plant parts, solvent extracts of different
parts of Z. species have been investigated for antimicrobial
activities. As shown in Table 3, the potency of antimicrobial

Health benefits of Zanthoxylum species

activity [expressed as minimum inhibitory concentration (MIC)
or inhibition zone diameter (IZD)] varies with the different plant
species, part used (fruits, leaves, root bark, stem bark),
microorganism tested, solvent used for extraction, or type of
assay used in the studies. Moderately polar solvents appear to be
the best medium for extraction of the antimicrobial compounds
compared with highly polar and non-polar solvents (Gongalves
et al, 2019). It is also worth noting that most of the
microorganisms studied are drug-sensitive species and only a
few studies tested the extracts on drug-resistant microorganisms.
Thus, it is challenging to assess and conclude on the potential of
individual plant extracts as presented in the literature. It is
apparent that the Z. species crude extracts contain
antimicrobial principles, which may need to be purified to
enhance the activity or for elucidating molecular mechanisms.
Nonetheless, the combination of several potentially active
principles in the crude extracts may present an opportunity.
For instance, aqueous-methanol extract of Z. zanthoxyloides root
bark showed antibacterial activity against Streptococcus mutans,
Sarcina lutea, and Lactobacillus sp. at IZD of 20, 32, and 56 mm,
respectively, at 100 mg/ ml compared to the stronger but limited
effect of antibiotic drug, amoxicillin, which was active (IZD of
22 mm at 10 pg/ ml) only against Lactobacillus sp. (Okafor et al.,
2017). Multi-component extracts with such promising
antimicrobial activity can be further investigated for safety and
pharmacological effects as low-cost alternatives to purified
compounds or drugs. Aside from solvent extracts, the
antimicrobial activities of multi-component essential oils
derived from Z. species have been reported (Table 3). In one
study, bioautophagy-directed fractionation of essential oil from Z.
armatum leaves led to the isolation of B-fenchol and linalool,
which had antifungal activities against A. alternata and C. lunata
(Guleria et al., 2013).

In general, studies on the Z. species crude extracts and essential
oils reported antimicrobial activity as IZD or MIC, and seldom
investigated their molecular mechanisms. In one study, n-hexane
extract of Z. acanthopodium fruits that was active against M.
smegmatis was reported to induce loss of intracellular sodium
and potassium ion concentration, suggesting that the extract
acted by damaging the bacterial cell wall (Julistiono et al., 2018).
Hong et al. (2017) also reported that essential oil from Z. bungeanum
fruits, containing 6,9,12,15-hexadeca-tetraenoic acid-methyl ester, 4-
terpinenylacetate, D-limonene, eucalyptol, a-terpineol, B-linalool,
§-cadinene and -pinene, caused lysis of cultured E. coli
membrane. This mechanism was supported by the high amount
of bacterial intracellular (nucleic acids and proteins) and cell
membrane components in the culture medium. In vivo
evaluation in a mouse model of enteritis demonstrated that Z.
bungeanum fruit-derived essential oil downregulated the
expression of pro-inflammatory cytokines (Hong et al, 2017);
this indicates that anti-inflammatory mechanism played a role in
host protection by the essential oil against E. coli infection. Indeed,
elucidation of molecular mechanisms would be more logical for
isolated compounds with defined molecular targets in the
microorganisms or host. Nonetheless, knowledge of the molecular
basis of antimicrobial effect would enhance the direct utilization of
crude extracts of Z. species for pharmacological applications.
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TABLE 3 | Summary of the antimicrobial activities of solvent extracts and essential oils from different part of Zanthoxylum species.

Plant species and
part
used

Z. zanthoxyloides fruits

Z. leprieurii fruits
Z. zanthoxyloides root
bark

Z. zanthoxyloides fruits
Z. leprieurii root bark

Z. zanthoxyloides

F. heitzii fruits and root
bark

Z. clava-herculis
leaves and stem bark
Z. bungeanum fruits
Z. chalybeum stem
bark

Z. chalybeum stem

bark

Z. ovalifolium fruit

Z. paracanthum root
bark

Z. bungeanum leaves

Z. tingoassuiba roots

Z. armatum leaves
Z. leprieurii fruits

Z. acanthopodium
fruits

Z. armatum seeds and
fruits

Test substance

Crude methanol extract
Essential oil

Crude methanol extract
Aqgueous-methanol extract
Essential oil

Methanol extract

Ethylacetate and chloroform
extracts
Ethanol extract

Methanol extract

Essential oil

Dichloromethane and
ethanol extracts

Dichloromethane,
ethylacetate and methanol
extracts

Hexane, ethylacetate and
methanol extracts

Chloroform-ethanol extract

Essential oil

Methanol and
dichloromethane extracts

Crude methanol extract and

essential oil
Methanol extract

Crude methanol extract

Microorganism targeted

P. aeruginosa

K. pneumonia, P. aeruginosa and S.
typhimurium.
P. aeruginosa

S. mutans, S. lutea, C. albicans, and A. niger

S. aureus, E. coli, E. faecalis, and C. albicans
Pan sensitive (H37rv), rifampicin resistant (TMC
331) and isoniazid resistant (TMC 301) strains
of M. tuberculosis

E. coli, P. aeruginosa, Klebsiella sp, S.
pneumoniae and B. cereus) and fungal species
(A. niger, A. flavus, Trichoderma sp and
Candida sp.

E.coli, P. aeruginosa, C. albicans, and A.
fumigatis

E. coli (AG102), E. aerogenes (EA27), K.
pneumonia (KP63) and Providencia stuartii
(NEA16)

E. coli

S. aureus, S. typhi and P. aeruginosa

Isoniazid-resistant strains of M.
madagascariense and M. indicus pranii

K. pneumonia and S. aureus

Methicillin-resistant S. aureus (MRSA), E. coli
(ATCC 25922), S. aureus (ATCC 29213) and C.
albicans (ATCC 10231)

S. aureus, B. cereus, B. subtilis, L.
monocytogenes, S. choleraesuis, V.
parahaemolyticus, A. hydrophila, S. sonnei, V.
vulnificus and S. enterica

S. aureus ATCC 25923 and four multidrug
resistant strains of the bacterium

Alternaria alternata, and Curvularia lunata.
S. aereus and S. saprophyticus
M. smegmatis

S. aureus, B. subtilis, E. faecalis, MRSA, and S.
epidermidis

1ZD, inhibition zone diameter; MIC, minimum inhibitory concentration.

Efforts have been made to isolate compounds that are
responsible for the reported antimicrobial activities of Z.
species extracts. Most of the compounds are alkaloids and
some possess antimicrobial activity against both drug-sensitive
and drug-resistant species of public health importance. For
(6-acetonyldihydronitidine, 6-

example,

alkaloids

acetonyldihydroavicine

Activity

1ZD of 15 mm

1ZD of 12, 11, and 9 mm, resp.
1ZD of 15 mm

1ZD of 20-32 mm

1ZD of 8.6-18.8 mm
MIC of 47.3, 75.3 and 125 pg/ ml

1ZD of 7.5-16 mm at 25 mg/ ml

MIC of 500 pg/ ml (fruit) and 1,000 pg/ ml
(root; for only A. fumigates)
MIC of 64-512 pg/ ml

MIC of 24 mg/ ml (cell wall lysis in vitro)

Dichloromethane extract, MIC of 32 ug/ml (S.
aureus); ethanol extract, MIC values of 32, 250
and 500 pg/ml (S. aureus, S. typhi and P.
aeruginosa, resp.)

Dichloromethane extract, MIC of 1.25 mg/ ml
(both); methanol extract, MIC of 1.25 and
2.5 mg/ ml, resp.

Ethyl acetate extract, 1ZD of 15 and 16 mm,
resp.; n-hexane extract, IZD of 14 and 10 mm,
resp.; methanol extract, IZD of 13 and 14 mm,
resp. at 100 pg/ ml

MIC of 3.91, 0.98, 1.95 and 7.81 pg/ml, resp.

MIC of 1.25 pg/ ml

Methonol extract, 1ZD of 18.3-23.3;
dichloromethane extract, 1ZD of
13.3-20.3 mm

MIC of 1,071 and 948 pg/ ml, resp.
MIC of 2 and 7 pg/ ml, resp.

MIC value of 64 pg/ ml

1ZD of 11.73-20.72 mm
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and 6-acetonyldihydrochelerythrine)
from the stem bark of Z. rhoifolium strongly inhibited the
growth of S. aureus, S. epidermidis, K. pneumonie, S. Setubal,
and E. coli with respective MIC values of 1.06, 1.06, 3.12, 3.12, and
1.06 pg/ ml (6-acetonyldihydronitidine), 1.06, 3.12, 1.06, 3.12,
and 3.12ug/ ml (6-acetonyldihydroavicine), and 12.5, 6.25,
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6.25, 6.25, and 12.5ug/ ml (6-acetonyldihydrochelerythrine)
(Gonzaga et al, 2003). Other antimicrobial alkaloids isolated
from Z. species include dihydrochelerythrine from Z. rhetsa roots
and stem (Tantapakul et al, 2012); bis-[6-(5,6-dihydro-
chelerythrinyl)] ether, 6-ethoxy-chelerythrine and 4-methoxy-
N-methyl-2-quinolone from Z. schreberi leaves and bark
(Rodriguez-Guzman et al, 2011); P-carboline alkaloids (10-
methoxycanthin-6-one and canthin-6-one) and phenanthridine
alkaloids (8-acetonyldihydrochelerythrine and 8-
oxochelerythrine) from Z. paracanthum root bark (Kaigongi
et al., 2020); N-methylcanadine from Z. tingoassuiba A. St.-
Hil. roots (Costa et al, 2017); and acridone alkaloids
(hydroxy-1,3-dimethoxy-10-methyl-9-acridone and 3-hydroxy-
1,5,6-trimethoxy-9-acridone) from Z. leprieurii stem bark
(Bunalema et al, 2017). Similar to its broad-spectrum
anticancer activity, canthin-6-one was strongly active against
several bacteria (S. aureus, E. coli, Proteus vulgaris and
Kilebsiella aerogenes) and fungi (A. niger and C. albicans), with
corresponding MIC values of 0227, 0.114, 0.114, 0.227, and
0.114 uM, respectively. Furthermore, the acridone alkaloids
strongly inhibited first line drug-resistant (H37rv), rifampicin-
resistant (TMC 331) and isoniazid-resistant (TMC 301) strains of
M. tuberculosis with MIC values of 1.5-8.3 ug/ ml (Bunalema et al,
2017), which positions Z. leprieurii as a potential source of anti-
tuberculosis agents. Structure-activity relationship studies are needed
to identify the pharmacophores of the alkaloids against specific
microorganisms or their molecular targets. Likewise, antimicrobial
mechanisms of the alkaloids are largely unknown, although Wouatsa
et al. (2013) reported that acridone alkaloids, 3-hydroxy-1,5,6-
trimethoxy-9-acridone and 2,4'-hydroxyzanthacridone oxide, from
Z. leprieurii fruit extract acted by inhibition of aromatase and
glycosyltransferase, which are involved in biosynthesis of bacterial
lipopolysaccharides and cell wall.

Apart from alkaloids, other antimicrobial compounds
isolated from different Z. species include lignans (e.g.,
sesamin and syringaresinol) (Rahman et al, 2008),
tetraflavonoids (e.g., lemairones A and B) (Bitchagno et al,
2015), and phytosterol (e.g., stigmasterol) (Kaigongi et al,
2020). Lemairones A and B from Z. lemairei leaves moderately
inhibited multidrug-resistant bacteria, K pneumoniae KP55
and E. coli AG100 with MIC values of 128 mg/ ml and 64 mg/
ml, respectively against E. coli AG100, and MIC value of
128 mg/ ml against K. pneumoniae KP55 (Bitchagno et al,,
2015). Furthermore, a polymeric procyanidin from Z.
bungeanum fruit exhibited cytotoxicity against drug
resistant strains of S. aureus with an MIC value of 128 pg/
ml; the compound acted by inhibiting B-lactamase activity and
by inducing cell wall damage (Kusuda et al., 2006). This study
also showed that the isolated compound has potential for
further development as an adjuvant of antibacterial drugs
for mitigating the burden of drug-resistant microbial
infections. Taken together, it is recommended that future
studies should use drug resistant microorganisms since the
ultimate goal is to overcome antimicrobial resistance. Findings
from the studies reviewed suggest that some of the compounds
isolated from Z. species have promising future as source of new
antibiotics. Figure 2 shows representative Z. species-derived

Health benefits of Zanthoxylum species

compounds with anticancer, antiparasitic, antimicrobial or
anti-sickling activities.

ANTIVIRAL POTENTIALS OF
ZANTHOXYLUM SPECIES

The emergence and spread of viruses such as SARS-CoV-2, HIV
and hepatitis B have led to heightened efforts in search for
effective remedies. These efforts include repurposing of drugs
developed for other viral diseases as well as exploring for new
drug candidates in medicinal plants used in treating viral
infections by traditional medicine practitioners. A few studies
have reported antiviral activities for extracts from Z. species.
Following the folkloric use in treating oral pathogens and
symptoms related to picornaviridae infection, Choi (2016)
found that the methanol extract of Z. piperitum leaves were
cytotoxic to human rhinoviruses - HRVs (HRV2 and HRV3)
and enteroviruses (coxsackie A16, B3, and B4 viruses, and human
enterovirus71) of picornaviridae virus family with ICs, values of
59, 39, 45, 68, 93, and 4.4 ug/ml, respectively. As the extract had
low toxicity against human cells (Hela and Vero cells), the active
ingredients, if isolated, can serve as bioactive candidates against
viral diseases caused by members of the picornaviridae family.
Moreover, leaves of Z. bungeanum are used in Korea and Japan
for treating respiratory diseases. To support this use, Ha et al.
(2014) reported the anti-influenza virus A/NWS/33 (HINI1)
effects  of  flavonol  glycosides,  quercetin-3-O-B-D-
galactopyranoside, quercetin-3-O-a-L-rhamnopyranoside and
kaempferol-3-O-a-L-rhamnopyranoside isolated from the Z.
bungeanum leaves; the flavonol glycosides also inhibited
influenza A virus neuraminidase activity with ICs, values of
434, 211, and 273 ug/ ml, respectively. Influenza A virus
neuraminidase is involved in the release of newly made virus
particle from infected cells, making it a good target for reducing
the spread in host cells. Considering the multiple molecular
targets of polyphenols, it is also possible that the antiviral
activity was mediated via additional unknown mechanisms.

In addition to influenza virus, the antiviral potentials of Z.
species-derived phytochemicals have also been reported against
hepatitis B virus. A coumarin, collinin, from chloroform extract
of Z. schionifolium bark exhibited anti-hepatitis B virus activity
(EDsq of 68.3 ug/ ml) and also inhibited HBV-DNA replication
(ICsp of 17.1 pg/ ml) (Chang et al., 1997). Using a different
assay, two alkaloids, 5,6-dihydro-6-methoxynitidine and 5-
methoxydictamnine, from Z. bungeanum Maxim roots at
0.2 uM showed higher anti-HBV activities by respectively
inhibiting 43.3 and 49.3% of viral multiplication than 10 uM
of standard antiviral drug, lamivudine with 29.6% inhibition
(Yang and Chen 2008). In addition, a benzophenanthridine
alkaloid (decarine), a furoquinoline alkaloid (y-fagarine), and
an amino alcohol derivative ( + )-tembamide) from Z.
ailanthoides root bark showed anti-HIV activities (ECsg
values <0.05 pg/ ml) with no cytotoxicity against normal H9
lymphocyte cells (Cheng et al., 2005). It is challenging to
compare the antiviral potential of the Zanthoxylum
compounds because of differences in the structural type of
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FIGURE 2 | Representative bioactive compounds, from different phytochemical classes, isolated from Zanthoxylum species.

the compounds, target virus, and assay method used in these  infection is asymptomatic and, if detected early, is treatable with
studies. Nonetheless, due to their selected toxicity to viruses, the ~ pentamidine or suramin while the second (meningo-
Z. species-derived alkaloids warrant further investigation for  encephalitic) stage, which is characterized by the invasion of
potential use in treating viral infections. the central nervous system by the parasite, is treatable with
melarsoprol  or eflornithine (Simarro et al, 2011).
Unfortunately, these drugs do not guarantee total recovery as

ZANTHOXYLUM SPECIES AS POTENTIAL the success rate in most cases is less than 90%. In addition to the
SOURCE OF ANTI-PARASITIC AGENTS growing drug resistance of the parasites, some devastating

toxicities accompy the use of these drugs (Shaw et al., 2010).
Human African trypanosomiasis (sleeping sickness), a neglected ~ This presents the need for safer and potent alternatives, especially
tropical disease, is a Trypanosoma species-caused parasitic  from natural products and medicinal plants that have a history of
disease that is endemic in sub-Saharan Africa, where majority  application in treating the disease. Medicinal plants are used for
of the victims are poor rural dwellers. Trypanosoma species is  treating trypanosomiasis in Nigeria (Atawodi et al., 2003; Bulus
transmitted by tsetse flies and cause a fatal disease if not properly et al., 2016; Okwor et al., 2020); thus, they have strong prospects
treated. A few T. species, such as T. brucei gambiense, is  for use as sources of clinically relevant anti-trypanosoma agents.
responsible for the vast majority of Trypanosoma infection in  In Nigeria and Ghana, roots, stem and leaves of Z. zanthoxyloides
West and Central Africa while T. rhodesiense is mostly are used in treating trypanosomiasis (Mann et al., 2011). When
responsible for infections in East Africa where less than 10%  cultured with the root extract, the viability of T. brucei was
of the infection exists. The initial (hematolymphatic) stage of = demonstrated to be suppressed (ICso, = 3.41pg/ml) by
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induction of apoptosis and cell cycle arrest at GO/G1 phase
(Dofuor et al, 2019). Subsequent investigation by the same
group resulted in the isolation of an alkaloid, skimmianine,
and an oxylipin, 9-oxo-10,12-octadecadienoic acid, from Z.
zanthoxyloides root as the cytotoxic principles against T.
brucei (GUTat 3.1 strains; ECsq values of 1.7 and 1.2 pM,
respectively) (Dofuor et al, 2020). Although less active than
diminazene aceturate, an antitrypanosomal drug (ECsy of
0.5 uM), the alkaloids acted by inducing cell cycle arrest at
GO0-G1 and (G2-M) phases and by inhibiting DNA synthesis
of the parasite. Similarly, an acridone alkaloid, arborinine,
derived from Z. leprieurii stem bark exhibited anti-
trypanosomal activity in cultured Trypanosoma brucei (s427)
cells with an ICsy of 13.2pug/ ml by unknown mechanisms
(Eze et al, 2020). There is a need to test the clinical
effectiveness of these isolated compounds in trypanosoma
infection to clarify if their in vitro activities can translate into
clinically relevant in vivo effects. This is because some therapeutic
agents that are active in culture studies are not biostable in the
gastrointestinal tract or may face transport barriers during
transepithelial transport when orally ingested (Udenigwe et al.,
2021).

Apart from trypanosomiasis, malaria is another parasitic
disease targeted with some Z. species. Malaria is caused by
Plasmodium species and is transmitted by Anopheles species
through the blood of an infected human. An estimate of over
200 million people die from malaria-related events and a vast
majority of these deaths occur in sub-Saharan Africa with
Nigeria bearing the highest burden (WHO, 2019). Majority of
those who contract and die from malaria are poor rural
dwellers who resort to cheap and ineffective drugs that
relieve the symptoms, leading to relapses and increase in
the development of resistant strains of the parasite
(Karunamoorthi et al., 2013). In addition, some individuals
are sensitive to some prescription antimalarial drugs
(Haakenstad et al, 2019). Consequently, traditional
medicine practitioners harness the therapeutic potentials of
medicinal plants to treat malaria. Many Zanthoxylum species
have been investigated as sources of antimalarial agents. For
example, an in vitro study by Mofor et al. (2017) reported that
extract of Z. clava-herculis stem bark inhibited multidrug
resistant strain of P. species with ICs5, of 4.94 ug/ ml and
with low toxicity against monkey kidney epithelial cell line.
Despite the prospects, the phytochemicals responsible for the
antimalarial activity and their mechanism of action are
unknown. Other studies have attempted to isolate some
antimalarial principles from Z. species. Among the
compounds, alkaloids, lignans and amides dominated as
active compounds. For instance, sesamine from Z. gilletii
stem bark showed significant anti-plasmodial activities
against chloroquine-sensitive Sierra Leone (De6),
chloroquine-resistant Indochina (W2), and artemisinin-
resistant strain (3D7) of P. falciparum with ICs5, of 1.92,
3.23, and 2.94ug/ml, respectively (Masinde 2014).
Secondary metabolites such as syncarpamide and decarine
from Z. syncarpum stem also significantly inhibited both
chloroquine-sensitive and chloroquine-resistant strains of
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malaria parasite; 1Cso values of 2.04 and 1.44 uM were
recorded against P. falciparum D6 strain and 3.06 and
0.88 uM against P. falciparum W2 strain (Ross et al., 2004).
Syncarpamide was cytotoxic against African green monkey
kidney (VERO) fibroblast cell line only at high concentration
of 56 uM, outside the range of bioactivity concentrations. This
suggests that the Z. syncarpum compounds can potentially
exhibit anti-plasmodial effect with low toxicity to the host.

Based on the use of different Z. zanthoxyloides parts for
treating malaria (Adesina 2005; Enechi et al., 2019), Goodman
et al. (2019) that four alkaloids, bis-dihydrochelerythrinyl ether,
skimmianine, buesgenine and chelerythrine, isolated from roots,
root-bark and stem-bark exhibited anti-plasmodial activity
against chloroquine-sensitive (3D7) strains of P. falciparum
(ICsp values of 4.3, 0.7, 2.0, and 0.4 pg/ ml, respectively).
Previous studies on other alkaloids showed that nitidine from
Z. gilletii stem bark exhibited anti-plasmodial activity against P.
falciparum strain FcB1 with ICsy < 5 pug/ml by halting DNA
synthesis in the parasite (Zirihi et al., 2005; Zirihi et al., 2009).
Moreover, 8-acetonyldihydrochelerythrine from Z. gilletii stem
bark inhibited D6, W2, and 3D7 strains of P. falciparum with ICsq
values of 4.06, 4.02, and 3.37 ug/ ml, respectively through
unknown mechanisms (Masinde, 2014). Apart from alkaloids,
an amide, fagaramide, isolated from Z. gilletii stem bark was
moderately active (IC5y of 7.73, 15.15, and 7.72 pg/ ml) against
D6, W2, and 3D7 strains of P. falciparum, respectively (Masinde,
2014). Another amide, pellitorine, and a furanoquinolines,
y-fagarine, from Z. zanthoxyloides roots, root-bark and stem-
bark also inhibited 3D7 strains of P. falciparum with ICs, values
of 2.2 and 2.0 pg/ ml, respectively (Goodman et al., 2019). It is
possible that the anti-plasmodial compounds may have acted
alone or together if present in the plant extracts used in treating
malaria (Enechi et al, 2019; Amah et al., 2021). Despite the
promising results, the mechanism of action of the isolated
compounds are unknown and the research design in some
cases did not include reference antimalarial agents for
comparison. Future studies need to evaluate the clinical
efficacy of the isolated anti-plasmodial compounds in
susceptible populations as a treatment option for combatting
resistant species of the malarial parasites.

POTENTIAL APPLICATION OF
ZANTHOXYLUM SPECIES IN SICKLE CELL
DISEASE

Sickle cell disease (SSD) is a group of genetic diseases resulting
from inheritance of two abnormal copies of hemoglobin genes.
The most common among them is sickle cell anemia. This disease
is characterized by hemolytic anemia and occlusion of the blood
vessels that reoccurs often. This occlusion is the cause of the
excruciating crisis in the joints, a common occurrence in people
with SSD. Upon hemolysis, hemoglobin in the erythrocytes is
released as free heme (which is pro-inflammatory) and free iron
(which by Fenton-type reaction interacts with hydrogen peroxide
to form reactive oxygen species). These two components
collectively worsen the complications associated with SSD.
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Consequently, there has been increased and continuous
awareness on the prevention of SSD, and improvement in
treatment regimen and other intervention strategies. People
who cannot afford anti-sickling drugs like hydroxyurea, nitric
oxide, purified poloxamer 118 and piracetam resort to medicinal
plants with history of use in subsiding crisis associated with SSD
(Okpuzor et al., 2008; Amujoyegbe et al., 2016). Medicinal plants
have been investigated for anti-sickling activities and several have
shown promising results. Notably, some members of genus
Zanthoxylum (e.g., Z. zanthoxyloides, Z. leprieuri and Z.
gilletii) are among the plants with history of traditional use in
managing SSD (Akakpo-Akue et al., 2020). Some studies have
reported the anti-sickling activities of Z. species and some anti-
sickling compounds in these plant species have been isolated and
characterized.

Among the species, Z. zanthoxyloides, Z. lemairei, Z. leprieurii,
Z. tessmannii and Z. gilletii have been investigated for anti-
sickling activity in vitro (Egunyomi et al., 2009; Ouattara et al.,
2009). Moreover, the specific compounds responsible for anti-
sickling activity of the plant extracts were scarcely reported.
Particularly, three divallinoylquinic acids (burkinabins A, B,
and C) isolated from Z. zanthoxyloides root bark at 1.964 mg/
ml inhibited sickling of deoxygenated erythrocytes by 77, 78.6
and 82.5% for burkinabins A, B, and C, respectively, which were
similar to the effect of sodium chromoglycate, a reference anti-
sickling agent (Ouattara et al., 2009). In addition, phenolic acids,
such as syringic acid, vanillic acid, proto-catechuic acid, and
p-hydroxy-benzoic acid, have been documented to play major
roles in the anti-sickling activities of Z. zanthoxyloides (Nurain
et al., 2017). However, this conclusion was only based on their
identification in high amount in the active plant root extracts.
Hence, bioassay-guided fractionation studies are needed to
confirm the bioactivity of the phenolic acids, and to isolate
other active compounds in the Z. species that showed anti-
sickling activities. Generally, the ability of burkinabins A-C to
demonstrate good anti-sickling properties has positioned the Z.
species as promising sources of therapeutic agents for managing
SSD. Clinical trials with the isolated anti-sickling compounds
from Z. species are recommended and further studies are needed
to modify the compounds to more potent and safer derivatives.

SAFETY OF ZANTHOXYLUM SPECIES

Knowing that not all things natural is safe, there is a need to be
cautious in the use of natural products for food and drug. Many
natural products have exhibited different levels of toxicity,
including lethality at high doses (Al-Nuaimi 2018). For
instance, Z. chalybeum root bark extract at 4,000 mg/kg
elevated serum creatinine, sodium and potassium levels in rats,
as well induced histomorphological deterioration of the intestine
in a manner consistent with tumor formation (Engeu et al., 2008).
In addition, in vivo and in vitro studies showed that Z. chalybeum
leaves, stem bark and root bark (2000 mg/ kg) caused mortality of
mice and elicited toxicity against normal human renal epithelium
cells. However, after solvent fractionation, no sign of toxicity was
recorded at a maximum dose of 5,000 mg/ kg, suggesting that the

Health benefits of Zanthoxylum species

toxic compounds might be acting in synergy. Furthermore, Z.
gilletii stem bark applied in treating erectile dysfunction in South
Africa and Peru was also reported to elicit histological changes in
the reproductive system of male rat after oral administration daily
for 14 days. Similarly, at high concentrations, Z. zanthoxyloides
stem bark extract was genotoxic and cytotoxic against human
leukocytes (Ogunbolude et al., 2014), while Z. lepreurii and Z.
zanthoxyloides roots extracts were cytotoxic against normal
human  prostate  epithelium cells (Tamdem  2019).
Furthermore, Z. zanthoxyloides root bark induced seizure and
substantial damage to the liver and kidney, resulting in mortality
in mice that received large doses of the herbal materials; LDs, was
recorded to be 5g/kg (Ogwal-Okeng et al, 2003). Z
zanthoxyloides stem bark was also reported to decrease bile
release, affecting negatively the serum lipid levels of rats fed
the extract (Umaru et al,, 2019). In Ugandan folkloric practice,
overdose of Z. zanthoxyloides has been recorded to cause short-
duration and self-healing stomach disturbances (Anokbonggo
et al., 1990). Lastly, Z. heitzii stem bark at doses higher than 6 g/
kg elicited toxicity and organ damage in rats (Ntchapda et al,
2015). Collectively, toxicities of the Z. species vary based on
species, plant part, extraction solvent, dosage, level of
phytochemical fractionation, and animal model studied. It is
worth noting that the doses of the plant extracts that caused
toxicity far exceed those that led to the desirable bioactivity.
Nonetheless, caution should be taken to avoid consumption of
high doses of the plant preparations to avoid deleterious effects.
Furthermore, safe doses of some Z. species are yet to be reported
and this information is necessary for traditional medicine
practitioners to properly administer the natural products and
for the safety of consumers.

CONSERVATION OF ZANTHOXYLUM
SPECIES FOR FUTURE APPLICATIONS

Considering the wide use of plants in the genus Zanthoxylum
and the risk of extinction, conservationists have been
advocating for measures to minimize overexploitation,
especially for the species whose roots are the most
commonly used part (Mbinile et al., 2020). For example,
Ouédraogo et al. (2019) showed that the chemical
constituents of the stem bark and root bark of Z
zanthoxyloides are similar; hence, extracts from these parts
are likely to have similar biological activities. This observation
needs to be confirmed by comparative phytochemomics and
assessment of biological activities. If the relatedness is
established, scientists and traditional practitioners would
have sustainable alternatives and thus minimize
overharvesting of the plant root. In addition, reforestation
of medicinal plants and maintenance of their cell cultures for
reuse should be emphasized (Li et al., 2020). Furthermore,
genetic modification of medicinal plants to become more
resilient to environmental threats, such as drought, will also
help to make the species more sustainable.

It is worth noting that the names of some of the plants used in
the studies reviewed were the “synonyms” as shown in plant
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databases. For example, some studies like Wu et al. (2007) and
Fan et al. (2019) reported on Zanthoxylum simulans while Yang
and Chen (2008), Yang et al. (2009), Chakthong et al. (2019),
Sepsamli and Prihastanti, (2019), Lu et al. (2020a) and Lu et al.
(2020b) reported on Zanthoxylum nitidum instead of the
accepted nomenclature, “Zanthoxylum bungeanum Maxim”.
This issue was noted in several other papers, such as Chrian
et al. (2011), Rodriguez-Guzman et al. (2011), Okafor et al.
(2017), and Wansi et al. (2009). To address this issue, a recent
study applied DNA barcoding for correct identification of plant
species that were incorrectly named in previous studies
(Veldmana et al, 2020). The authors noted that some
medicinal plant researchers do not consult plant taxonomy
experts and others do not confirm the plant identity by
comparing their features with those available in reputable
plant databases. Another possible source of this confusion is
the local assignment of arbitrary names to many plant species by
herbalists. This could also be associated with intraspecies and
interspecies genetic diversity, and variance development because
of changes in the environment (Feng et al, 2020). The issue
could also be linked to the dependence of researchers in some
countries on traditional medicine practitioners to provide and
identify therapeutic plants. This system is not reliable. In one
instance, some Zanthoxylum species with different chemical
constituents and biological activities (Z. bungeanum, Z.
schinifolium, and Z. piperitum) were distributed and
intermixed as “Zanthoxyli pericarpium” by traditional
medicine practitioners in Korea (Jang et al., 2020). Without
proper identification, the outcome of research conducted with
incorrectly labelled plant samples will be misleading. It is
recommended that experts in phytotaxonomy should validate
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the identity of the plant species prior to further research and
development. In addition, molecular characterization of the
plant and the use of specific biomarkers may be helpful in
ensuring that names given to plants used for
phytopharmacological research are credible.

CONCLUSION

Zanthoxylum species are reservoir of phytochemicals with health-
promoting properties, such as anti-sickling, anticancer and anti-
infectious disease activities (Figure 3). The majority of the
biological properties reported for Z. species were inspired by
their traditional uses as therapeutic agents. Considering that the
roots of Z. species are the most sourced parts in trado-medicinal
uses, reforestation of the plants is highly recommended to avoid
overharvesting. Similarly, the plant culture can be utilized instead
of the freshly harvested plants. In many studies, drug-sensitive
strains of infectious agents and cancer cells were used to assess
bioactivity. Hence, future research should target the activity of Z.
species against drug-resistant species or strains. This is important
because one of the ultimate goals of new drug development is to
curb drug resistance. Furthermore, several Z. species
phytochemicals with strong bioactivities against infectious
microorganisms, especially against drug-resistant strains of
malarial parasites, viruses and other microbes, as well as drug-
resistant cancer cells should be subjected to clinical trials as
potential natural alternatives to synthetic drugs. In addition,
since many studies were conducted in vitro, there is a dearth
of information on the intestinal transport, biostability,
bioaccessibility, and bioavailability of many of the active
compounds. Additional research is needed to clarify the
specific chemical compounds responsible for the promising
biological activities of some of the plant extracts as well as the
bioactivity and mechanisms of action of some of the isolated
compounds. Future research should also confirm bioactivities
and safety of the compounds in vivo using animal models and
humans. Finally, researchers should endeavor to mimic the
traditional methods used in preparation of the plant extract to
ensure the preservation of the bioactive principles of interest.
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Walaa F. Alsanie®*, Majid Alhomrani®** and Mohammed Asad®

"Department of Pharmacy Practice, College of Pharmacy, AlMaarefa University, Riyadh, Saudi Arabia, 2Department of
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Garlic oil and its primary component, diallyl disulphide (DADS), were tested in rats with
isoprenaline (ISO) induced myocardial infarction for cardioprotective benefits when
combined with carvedilol. Garlic oil (GO) was administered to rats (Sprague-dawley
strain) at two doses of 50 and 100 mg/kg body weight, whereas DADS was given in
two doses of 4.47 and 8.94 mg/kg, respectively. The animals were given oral doses of
garlic oil and DADS on alternate days for 3 weeks, either alone or in combination with
carvedilol (2 mg/kg). Cardiac injury was done by administering two doses of isoprenaline
(150 mg/kg, sc) to all treated groups except the first, which served as a control.
Biomarkers of cardiac injury and histological investigations were studied for their
potential in reducing I1SO-induced myocardial damage. Animals pretreated with GO,
DADS, and carvedilol had significantly (p < 0.01) lowered heart weight and heart to
body weight ratio. In rats treated with carvedilol plus high dosages of garlic oil (100 mg/kg,
p.o) and DADS (8.94 mg/kg, p.o) compared to the ISO control and carvedilol group, the
activities of SOD and Catalase were enhanced in cardiac tissue homogenate. When
compared to ISO control and carvedilol group, the activities of LDH and CK-MB were
elevated in heart tissue homogenate with a simultaneous reduction in their serum levels in
animals treated with a combination of carvedilol with high doses of garlic oil (100 mg/kg,
p.o) and DADS (8.94 mg/kg, p.o). Overall, combining garlic oil or DADS with carvedilol
improved the cardioprotective effect of carvedilol and protected rats from ISO-induced
myocardial infarction. However, more research is needed to establish the mechanism of
garlic oil and DADS interaction with carvedilol.

Keywords: GC-MS, antioxidants, garlic oil, diallyl disulphide, herbal supplements, carvedilol cellular damage
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INTRODUCTION

Consumption of herbal medicines or nutritional supplements
along with modern medicine is a common practice throughout
the world. This is done with the belief that the addition of herb(s)
or nutrient(s) to drug regimen may provide extra beneficial effects
and/or reduce adverse effects of the drugs (Shaikh et al., 2020).
The effect of many herbs and nutrients on the pharmacological
effects of drugs is unknown, though some herbs and nutrients
have been reported to affect the overall pharmacological effects of
drugs due to pharmacodynamic and/or pharmacokinetic
interactions (Ronis et al., 2018).

Myocardial infarction (MI), generally known as a heart attack,
is one of the most dreadful disorders. According to estimates, MI
will kill approximately 23.3 million individuals by 2030. Mortality
due to MI is increasing at an alarming rate in Asian countries
such as India and Malaysia (Xu et al., 2016; Rosello et al., 2017).
Atherosclerosis is the most prevalent cause of MI, which
generates a discrepancy in production and consumption in the
myocardium, leading to hypoxic and waste product
accumulation, that eventually leads to mycoyte mortality
(Kumar et al.,, 2016). Despite this, the pathophysiology of MI
remains a mystery. Inflammation and necrosis, on the other
hand, have been identified as key factors in MI in a number
of investigations (Goyal et al., 2015; Othman et al., 2017).

Isoprenaline (ISO) is a non-selective agonist for  adrenergic
receptors. Administration of ISO at a higher concentration leads
to a fall in myocardial compliance due to ischemic damage, and it
is one of the most widely used models for assessing the
cardioprotective efficacy of new drugs and studying the
pathological consequences of human myocardial impairment
(Zhang et al., 2005).

Garlic bulbs from the plant Allium sativum (family-
Amaryllidaceae) are common flavouring agent added to different
food recipes. Garlic is also known to possess excellent medicinal
properties. The garlic bulb and its different preparations, such as
garlic oil, garlic powder, and various garlic extracts, are mentioned
for their therapeutic benefits in different traditional systems of
medicine (Adaki et al, 2014). Further, the pharmacological and
therapeutic properties of garlic and its constituents have been
investigated by several authors earlier (Chang et al, 2011;
Lissiman et al., 2014; Hou et al,, 2015; Nicastro et al., 2015; El-
Saber Batiha et al., 2015). We have earlier reported cardiovascular
actions and interactions of garlic and its different preparations with
several drugs. Garlic showed antihypertensive effect and enhanced
bioavailability and antihypertensive effects of propranolol and
hydrochlorthiazide in our earlier studies (Asdaq and Inamdar,
2009; Asdaq and Inamdar, 2011a; Asdaq and Inamdar, 2011b).
Garlic and its active constituent s-allyl cysteine also enhanced the
cardioprotective and antihypertensive effects of captopril (Asdaq and
Inamdar, 2010). We also reported that garlic, aged garlic extract and
s-allyl cysteine showed antioxidant and hypolipidemic effects that
were influenced by the administration of conventional
antihypertensives (Asdaq et al., 2009b; Asdag, 2015). Recently, we
reported the interaction of aged garlic extract and its constituent
s-allyl csyteine on isoprenaline induced myocardial infarction in rats
(Asdaq et al, 2021).

Garlic Oil and DADS With Carvedilol

The active constituents of garlic and the most effective garlic
preparation with cardiovascular benefits are not correctly known.
Different studies have given conflicting reports on the active
constituents and the best garlic preparation for cardiovascular
benefits. Garlic constituents with potent antioxidant action such
as s-allylcysteine and s-allylmercaptocysteine are reported as the
constituents responsible for the beneficial effect of garlic on the
cardiovascular system. Earlier, allicin (allyl 2-propenethiosulfinate)
was believed to be the constituent with a cardioprotective effect, but
it is a highly unstable compound and it gets converted to
s-allylcysteine and s-allylmercaptocysteine in the body. Garlic oil
is a typical garlic product that has been shown to improve anti-
oxidant enzyme activity (Ko et al, 2016). Active components of
garlic oil, such as diallyl sulphide (DAS), and diallyl disulphide
(DADS), have been found to protect and treat oxidative damage
(Guan et al., 2018). Garlic oil has been demonstrated to aid weight
loss by reducing LDL cholesterol levels (Yang et al., 2018). Because
hyperlipidemia is a known cause of MI, we want to learn more about
the role of garlic oil in preventing ischemia damage, as well as
whether its main active ingredient, diallyl disulphide (DADS), has
similar or different cardioprotective properties.

Beta-adrenergic blockers are a class of drugs with multiple
pharmacological actions. Carvedilol is a non-selective beta-
blocker that also blocks alpha;-adrenergic receptors, providing
cardioprotective action with vasodilation. It is used in the
treatment of hypertension, angina pectoris, cardiac arrhythmias,
and also as an antioxidant and antiproliferative agent. Carvedilol is
used in the treatment of left ventricular dysfunction and congestive
heart failure. Apart from these, it also has a lipid lowering effect and
augments renal dysfunction, indicating wide spread use of this
non-selective beta-blocker (Singh and Preuss, 2021).

Continuing our efforts to determine the beneficial effects of
garlic preparations and their influence on the effects of drugs
affecting cardiovascular functions, the present study determined
the effect of garlic oil and diallyl disulphide (DADS) on the
cardioprotective effect of carvedilol on isoprenaline induced
myocardial infarction in rats.

MATERIALS AND METHODS

Experimental Animals

Female Sprague-Dawley rats weighing 150-200 g were housed at
25 + 5 °C in a well-ventilated animal house under 12:12 h light
dark cycle. The rats had free access to standard rat chow (Amrut
Laboratory Animal Feed, Maharashtra, India) containing (%
w/w) protein 22.10, oil 4.13, fiber 3.15, ash 5.15, sand (silica)
1.12 and water ad libitum. The institutional animal ethics
committee of Krupanidhi College of Pharmacy (KCP/IAEC-
27) approved the experimental protocol and animals were
maintained under standard conditions in an animal house
approved by Committee for the Purpose of Control and
Supervision on Experiments on Animals (CPCSEA).

Materials
Sigma Aldrich (United States) provided the garlic oil, which was GC-
MS standardized for the presence of DADS. The CK-MB and LDH
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kits were provided by Crest Biosystems and Coral Clinical Systems in
Goa, India. All of the compounds utilized in this investigation were
analytical grade and came from a standard source.

Quantification of DADS in Garlic Oil by
GC-MS

A Hewlett Packard 5890 II GC with an HP 5972 Mass selective
detector and HP-5ms capillary column (30 m 0.25mm, film
thickness 0.25m) was used to assay the garlic oil sample for
DADS. The injector and detector were adjusted to 220 and
290°C, respectively. The temperature of the column was raised
from 50 to 220°C at a rate of 3°C/min for 10 min. At a flow rate of
1 ml/min, helium was used as the carrier gas. In the splitless
method, 1uL (1.0L) of the concentrate was manually injected
into 10 ml of each organic extract. An electron ionization device
with a 70 eV ionization energy was employed for GC/MS detection.
Temperatures for the injector and MS transfer line were set at 220
and 290°C, respectively. The chemicals were tentatively identified
by comparing their mass spectra to those of the NIST 98 and Wiley
275 library data of the GC-MS system (Kimbaris et al., 2006).

Dose Selection

Garlic Oil (50/100 mg/kg, p.o) (Kuo et al., 2011) and carvedilol
(2 mg/kg, p.o) (Watanabe et al., 2002) doses were selected from
previous studies. The required doses of DADS (4.47/8.94 mg/kg)
were selected based on GC-MS peaks of garlic oil (Figure 1 and
Figure 2) Experimental protocol.

Experimental Protocol

There were eleven groups of experimental animals used in this study,
each having six rats. Group I was kept as normal control and given a
vehicle (1 ml/kg, p.o) on alternate days for 3 weeks. The vehicle used
was acacia (2% w/v). Groups 2 to 11 received the following treatments
on alternate days for 3 weeks, followed by administration of two doses
of isoprenaline (ISO) at a dose of 150 mg/kg subcutaenously for two
consecutive days (Pipaliya et al., 2012). Group 2 was named ISO
control and received vehicle (1 ml/kg, p.o) while Group 3 was
administered with carvedilol (2 mg/kg, p.o). Groups 4 and 5

Garlic Oil and DADS With Carvedilol

received garlic oil orally at a dose of 50 mg/kg (low dose) and
100 mg/kg (high dose) respectively, while groups 6 and 7 received
a combination of carvedilol with a low dose and high dose of garlic oil
respectively. Similarly, groups 8 and 9 received a low dose of DADS
(4.47 mg/kg) and a high dose of DADS (8.94 mg/kg) and groups 10
and 11 received a combination of carvedilol with a low dose of DADS
and a high dose of DADS respectively. A schematic diagram of the
procedure is given in Figure 1.

As mentioned above, animals in all groups except group-1
received ISO (150 mg/kg, s.c) for two consecutive days. After
48 h of the first dose of ISO, blood was withdrawn from animals
under anesthesia induced by a combination of ketamine
hydrochloride (75mg/kg, ip) and xylazine (10 mg/kg, ip)
(Wellington et al., 2013). Serum levels of lactate dehydrogenase
(LDH), and creatinine kinase-MB (CK-MB) were determined using
commercially available biochemical kits. Following blood removal, a
thoracic incision was performed, and the hearts were split open,
flushed with saltwater (0.9 percent NaCl), and dried. The weight of
the heart was assessed (Buerke et al., 1998) and heart tissue
homogenate (HTH) was prepared separately for three hearts in
an ice-cold 0.25 M sucrose solution using a mortar and pestle. The
homogenate was then centrifuged at 5000 rpm for 15 min. After
draining the supernatant, biochemical and molecular studies were
performed (Lee et al., 2012). The LDH and CK-MB were estimated
using commercially available kits. The estimation of superoxide
dismutase (SOD) (Elstner and Heupel, 1976), catalase (Link, 1988)
and thiobarbituric acid reactive substances (TBARS) (Niehaus and
Samuelsson, 1968) were done in heart tissue homogenate. Slides for
microscopic examination were made from the remaining hearts of
three animals in each group for histological studies. Five micrometer
sections were cut and stained using H and E stain. Depending on the
severity of cardiac damage, scores were assigned between 0 and 3
with 0 being no damage, one- mild damage as indicated by
degenerations at different foci and slight inflammation. A score
of two was given when severe degeneration of myofibrils was
observed with or without diffuse inflammation, while a score of
three was assigned to slides that showed necrosis along with diffuse
inflammation (Karthikeyan et al., 2007).

Data Analysis

One-way analysis of variance (ANOVA) was used to determine
statistical significance, followed by Tukey’s multiple comparison
tests using the GraphPad Prism 8.0 computer software kit. The data
was presented as mean + SEM, with a p < 0.05 significance level
chosen. Power analysis was carried out using G power application,
keeping 0.05 as the alpha error probability in One-was ANOVA
and post-hoc tests for parameters with low sample size (n = 3).

RESULTS
GC-MS Analysis of DADS in Garlic Oil

Analysis of garlic oil showed that it contained 8.94% w/w of
DADS. On the basis of GC-MS peaks of garlic oil, the DADS
doses were determined as 4.47 and 8.94 mg/kg (Figure 2 and
Figure 3). The other compounds detected in the oil were allyl
methyl sulphide (AMS) and diallyl trisulphide (DATS).
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FIGURE 2 | GC-MS profile of garlic oil The GC-MS profile of garlic oil shows different peaks. Peak observed at retention time (RT) of 1 min represents the solvent.
The DADS was observed at an RT of 4 min while peaks for allyl methyl sulphide (AMS) and dially! trisulphide (DATS) was observed at 5 and 7 min respectively.

Effect on Heart Weight and Heart to Body

Weight Ratio

The heart weight and the ratio of heart weight to body weight at the
end of treatment are shown in Table 1. When compared to the
normal control group, animals given two doses of isoprenaline
(isoprenaline control) had a substantial (p < 0.01) increase in heart
weight and heart weight to body weight ratio. When compared to
the isoprenaline control, all animals pretreated with garlic oil,
diallyl disulphide, and carvedilol had significantly (p < 0.01) lower
heart weight and heart to body weight ratio. Moreover, animals
given garlic oil/diallyl disulphide plus carvedilol had a substantial
(p < 0.05) improvement in heart weight and heart weight to body
weight ratio as compared to the garlic oil and diallyl disulphide
groups, respectively. The heart to body weight ratio was more
towards the normal value with high doses of garlic oil and diallyl
disulphide than with their respective low doses.

Effect on Biomarkers of Cardiac Damage
The administration of ISO produced significant changes in
different biomarkers of cardiac damage. There was no
mortality in animals treated with ISO.

Effect of CK-MB Activity

Administration of ISO induced myocardial infarction as indicated
by an increase in cardiac specific serum CK-MB levels and a
decrease in CK-MB activity in HTH of ISO treated animals when
compared to normal controls (p < 0.001). Carvedilol, garlic at both

doses and DADS at both doses showed cardioprotective effects.
The serum levels of CK-MB were reduced and an increase in CK-
MB levels in HTH was observed in these groups when compared to
the ISO control. Animals treated with a low dose of DADS
(4.47 mg/kg, p.o) showed a significant increase in serum CK-
MB compared to the normal group. Both doses of DADS in
combination with carvedilolproduced a significant fall in serum
CK-MB level compared to the carvedilol treated group. Both doses
of DADS in combination with carvedilolshowed a significantly
lower serum CK-MB activity compared to DADS treatment alone
(Figure 4).

In HTH, animals treated with a high dose of garlic oil
(100 mg/kg, p.o) showed a significant decrease in the CK-MB
while animals treated with a combination of high dose of DADS
(8.94 mg/kg, p.o) and carvedilol showed a moderately significant
increase in the CK-MB, but the group treated with carvedilol
group produced a moderate fall of CK-MB than normal. All
treated groups except the low dose of garlic oil (50 mg/kg, p.o)
and the combination of both doses of DADS with carvedilol
showed a significant fall in the CK-MB level in HTH as compared
to the ISO group. Furthermore, in groups treated with the low
dose of garlic oil (50 mg/kg, p.o) and the combination of both
doses of DADS with carvedilol, a significant rise in the CK-MB
levels was observed compared to the carvedilol alone group.
Group treated with a low dose of garlic oil (50 mg/kg, p.o) in
combination with carvedilol showed a rise in the CK-MB activity
compared to low dose of garlic oil (50 mg/kg, p.o) alone. Animals
treated with a combination of carvedilol with either dose of
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FIGURE 3 | GC-MS profile of diallyl disulphide The GC-MS profile of DADS shows two peaks. At an RT of 1 min, a peak for solvent was observed and DADS peak
was observed at an RT of 4 min.
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TABLE 1 | Effect on heart weight and heart/body weight ratio.

Groups

Heart weight (g)

Body weight (g)

Normal control 0.422 + 0.06 177.34+1.31
ISO control 0.690 + 0.07"" 172.32+4.81
Carvedilol 0.472 + 0.05®® 173.56+5.31
GOLD 0.524 + 0.06®® 171.45+6.21
GOHD 0.484 + 0.08®® 173.55+7.21
DADSLD 0.532 + 0.07®® 174.21+8.36
DADSHD 0.498 + 0.10®® 172.28+9.36
GOLD + CAR 0.447 + 0.08®®®" 175.89+1.69
GOHD + CAR 0436 +0.11®®®" 174.29+2.39
DADSLD + CAR 0.431 + 0.04®®®" 173.37+4.55
DADSHD + CAR 0.426 + 0.12®%®®" 172.89+4.35

Heart to body
weight ratio (percentage)

0.237 + 0.01
0.400 + 0.017"
0.271 £ 0.01®®®
0.305 +0.01®®
0.278 + 0.01®®
0.305 +0.01®®
0.289 + 0.01®®
0.254 + 0.01®®®"
0.250 + 0.01®®®"
0.248 + 0.01®®®"
0.246 + 0.01®®®"

Values are given as mean + Standard error of mean for six rats in each group; " p < 0.007 when compared to normal control; ® ®p < 0.01, ®*® ®p < 0.007 compared to Isoprenaline
control; “p < 0.05, compared to Garlic oil/Diallyl dilsulphide respective groups. CAR: Carvedilol (2 mg/kg, p.o); GOLD: Garlic oil (50 mg/kg, p.o); GOHD: Garlic oil (100 mg/kg, p.o);
DADSLD: diallyl disulphide (4.47 mg/kg, p.o); DADSHD: diallyl disulphide (8.94 mg/kg, p.o).

DADS were observed to have significantly more CK-MB activity
compared to either dose of DADS alone (Figure 5).

Effect on LDH Activity

Similar to the CK-MB activity, ISO administration for two
consecutive days produced an increase in serum levels of LDH
and reduced its activity in HTH. However, the activity of LDH was
reduced by all the treatments irrespective of dose and combinations
when compared to ISO control (Table 1). Animals treated with a
higher dose of garlic oil (100 mg/kg, p.o) showed a significant

increase in the serum LDH, whereas animals treated with DADS
(8.94 mg/kg, p.o) and carvedilol showed a significant decrease in
the serum LDH when compared to normal control animals. In the
group of animals treated with a combination of higher dose of
garlic oil (100 mg/kg, p.o) and carvedilol, a slight decrease in LDH
activity was observed, whereas the combination of both doses of
DADS with carvedilol showed a significant fall in LDH level
compared to the group treated with carvedilol alone. The group
of rats treated with a higher dose of garlic oil (100 mg/kg, p.o) and
carvedilol had significantly higher LDH activity in the HTH
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FIGURE 4 | Effect on serum CK-MB levels All values are mean + SEM, n =

6, v < 0.01when compared to normal control; °P <0.001 compared to ISO
control’P<0.001 compared to carvedilol; 'P<0.001 when compared to respective
DADS dose; CAR: Carvedilol (2 mg/kg, p.o); GOLD: Garlic oil (50 mg/kg,

p.0); GOHD: Garlic oil (100 mg/kg, p.o); DADSLD: diallyl disulphide (4.47 mg/kg,
p.o); DADSHD: diallyl disulphide (8.94 mg/kg, p.o).
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FIGURE 5 | Effect of CK-MB levels in the HTH All values are mean +
SEM, n =6, *p < 0.001 when compared to normal control; °P<0.01, °P <0.001
compared to ISO control; “P<0.05, P<0.001compared to carvedilol; 9P <0.05
when compared to respective garlic oil dose; 1P<0.05, "P<0.01,

'P<0.001 when compared to respective DADS dose; CAR: Carvedilol

(2 mg/kg, p.o); GOLD: Garlic oil (60 mg/kg, p.o); GOHD: Garlic oil

(100 mg/kg, p.o); DADSLD: diallyl disulphide (4.47 mg/kg, p.o); DADSHD:
diallyl disulphide (8.94 mg/kg, p.0).

compared to the carvedilol treated group. Combined therapy of
garlic oil high dose (100 mg/kg, p.o) and carvedilol produced a
moderately significant increase in LDH in HTH compared to garlic
oil high dose (100 mg/kg, p.o) alone ((Figure 6 and Figure 7).

Effect on SOD and Catalase

The Administration of ISO caused a significant fall in the
activities of antioxidant enzymes; SOD and catalase in HTH.
Garlic oil (50 mg/kg, p.o) and its combination with carvedilol
and the combination of both doses of DADS with carvedilol
produced a significant increase in the SOD activity compared
to the ISO control. Administration of carvedilol along with
either dose of garlic oil or DADS was more effective in
increasing SOD activity compared to administration of
carvedilol alone. The SOD activity was higher in the group
treated with a higher dose of garlic oil (100 mg/kg, p.o) with
carvedilol compared to garlic oil (100 mg/kg, p.o) alone.

FIGURE 6 | Effect on serum LDH levels All values are mean + SEM, n =6,

°p <0.01, *p < 0.001 when compared to normal control; °P <0.001 compared
to ISO control; 9P<0.05, 'P<0.001compared to carvedilol CAR: Carvedilol
(2 mg/kg, p.o); GOLD: Garlic oil (50 mg/kg, p.o); GOHD: Garlic oil

(100 mg/kg, p.o); DADSLD: diallyl disulphide (4.47 mg/kg, p.o); DADSHD:
diallyl disulphide (8.94 mg/kg, p.o).
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FIGURE 7 | Effect on LDH levels in the HTH All values are mean + SEM, n =

3, *p < 0.001 when compared to normal control; 2P<0.05, °P<0.01, °P <0.001
compared to ISO control; 9P <0.05 when compared to respective garlic oil dose;
CAR: Carvedilol (2 mg/kg, p.o); GOLD: Garlic oil (50 mg/kg, p.o); GOHD:
Garlic oil (100 mg/kg, p.o); DADSLD: diallyl disulphide (4.47 mg/kg, p.o);
DADSHD: diallyl disulphide (8.94 mg/kg, p.0).

Similarly, the group treated with a combination of
carvedilol with DADS (4.47 mg/kg, p.o) or DADS
(8.94 mg/kg, p.o) had significantly higher SOD activity in
HTH compared to DADS treatment alone (Figure 8).

For catalase activity, the group treated with a high dose of
DADS (4.47 mg/kg, p.0) in combination with carvedilol showed a
moderate increase in catalase activity, while DADS (8.94 mg/kg,
p.o) treatment alone showed a profound rise in catalase value
compared to the normal control group. Animals treated with
DADS (8.94 mg/kg, p.o) alone and a combination of either dose
of DADS with carvedilol produced a significant rise in catalase,
whereas DADS (4.47 mg/kg, p.o) and garlic oil (100 mg/kg, p.o)
with carvedilol showed a slight increase in catalase level
compared to the ISO group. Both doses of DADS in
combination with carvedilol produced a significant rise in
catalase levels compared to carvedilol treatment alone. The
combination of garlic oil (100 mg/kg, p.o) with carvedilol
showed a moderate increase in catalase value compared to
garlic oil (100 mg/kg, p.o) alone (Figure 9).
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FIGURE 8 | Effect on SOD activity in the HTH All values are mean + SEM,

n =23, °p < 0.01, *p < 0.001 when compared to normal control; °P <0.001
compared to ISO control; © p < 0.01, 'P<0.001compared to carvedilol; 'P
<0.001 when compared to respective garlic oil dose; 'P<0.001 when
compared to respective DADS dose; CAR: Carvedilol (2 mg/kg, p.o); GOLD:
Garlic oil (50 mg/kg, p.o); GOHD: Garlic oil (100 mg/kg, p.o); DADSLD: diallyl
disulphide (4.47 mg/kg, p.o); DADSHD: diallyl disulphide (8.94 mg/kg, p.o).

Catalase (units/mg protein)

FIGURE 9 | Effect on catalase activity in the HTH All values are mean +
SEM, n =3, *p < 0.001 when compared to normal control; °P<0.05, °P <0.001
compared to ISO control; © p < 0.01, P<0.001compared to carvedilol; " p <
0.01 when compared to respective garlic oil dose; CAR: Carvedilol

(2 mg/kg, p.o); GOLD: Garlic ail (50 mg/kg, p.o); GOHD: Garlic oil

(100 mg/kg, p.o); DADSLD: diallyl disulphide (4.47 mg/kg, p.o); DADSHD:
dially! disulphide (8.94 mg/kg, p.0).

Effect on TBARS

Similar to other biomarkers, the TBARS levels increased
significantly upon ISO administration compared to normal
control. Animals treated with garlic oil (100 mg/kg, p.o) showed
a significant increase, whereas those administered DADS
(8.94 mg/kg, p.o) along with carvedilol showed a moderate
decrease in the TBARS compared to normal control. All groups
except the high dose of garlic oil (100 mg/kg, p.o) produced a
significant fall in the TBARS value compared to the ISO control
group. The group treated with garlic oil (100 mg/kg, p.o) together
with carvedilol showed a moderate fall in TBARS value compared
to the garlic oil (100 mg/kg, p.o) treated group. The combination of
DADS (8.94 mg/kg, p.o) and carvedilol reduced TBARS values
compared to the DADS (8.94 mg/kg, p.o) group (Figure 10).

FIGURE 10 | Effect on TBARS in the HTH All values are mean + SEM, n =3,

°p < 0.01, *p < 0.001 when compared to normal control; °P <0.001 compared
to 1SO control " p < 0.01when compared to respective garlic oil dose; CAR:
Carvedilol (2 mg/kg, p.o); GOLD: Garlic oil (50 mg/kg, p.o); GOHD:
Garlic oil (100 mg/kg, p.o); DADSLD: diallyl disulphide (4.47 mg/kg, p.o);
DADSHD: diallyl disulphide (8.94 mg/kg, p.o).
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FIGURE 11 | Histological scores of the cardiac tissue.

Effect on Histological Score
An average histological score from three animals in each group.

Severe necrosis with diffused inflammation was seen after
administration of ISO. Pretreatment with DADSHD
(8.94 mg/kg, p.o) and the combination of both doses of DADS
or garlic oil with carvedilol offered protection against ISO
induced damage by preventing severe cellular damage. In
sections prepared from the hearts of animals of the above
mentioned group, only reversible cellular degeneration and
slight inflammation were observed. Garlic oil at both doses
(50 mg/100 mg/kg, p.o) and DADS (4.47 mg/kg, p.o) offered
less protection against ISO induced cellular damage
(Figure 11 and Figure 12).

Power Analysis

Because there were only three samples available for the
parameters tested in heart tissue homogenate (HTH), a power
analysis was performed to see if the required power of 80% was
achieved in all of the observations. The results of the analysis
showed 86.9, 89.1, 99.2%, 96.2, and 82.8 percent statistical power
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FIGURE12 | Haematoxylin and eosin (H&E) stained section of heart in isoprenaline induced myocardial damage. Photographed at magnification x400 (A) Heart

from normal control group (B) Iso control (150 mg/kg, s.c), (C) Carvedilol (2 mg/kg) group,(D) garlic oil low dose (50 mg/kg), (E) garlic oil high dose (100 mg/kg), (F)
DADS low dose (4.47 mg/kg), (G) DADS high dose (8.94 mg/kg), (H) garlic oil low dose + CAR, (I) garlic oil high dose + CAR, (J) DADS low dose + CAR and (K) DADS
high dose + CAR. A and K are hematoxylin and eosin (400x) stained microscopic sections of Normal control and DADSHD + CAR respectively shown
histopathalogical score one i.e. mild necrosis, B and E are hematoxylin and eosin (400x) stained microscopic sections of ISO control and GOHD group respectively have
a histopathalogical scoreof four i.e. Severe necrosis, inflammation and fibrosis. C, D and F were hematoxylin and eosin (400x) stained microscopic sections of ATN,
GOLD and DADSLD respectively have a histopathalogical scoreof three i.e. Moderate diffuse necrosis, mild inflammation and fibrosis (necrosis shown with bold arrows
and fibrosis with hollow arrows). G,H,l and J werehematoxylin and eosin (400x) stained microscopic sections of DADSHD, GOLD + CAR, GOHD + CAR and DADSLD +
CAR groups respectively have histopathalogical scoreof 2-2.5 i.e.Mild diffuse, moderate necrosis and mild inflammation.

to the outcomes obtained in estimates of CK-MB, LDH, SOD,
Catalase, and TBARS levels, respectively, because the variance
within the group was minimum due to the calibrated
experimental set up (Figure 13).

DISCUSSION

The results of the current study showed varying effects of DADS,
garlic oil and their combination with carvedilol on different
indicators of cardiac damage in isoprenaline induced
myocardial infarction in rats. As mentioned earlier, we have
evaluated different preparations of garlic for their effect on the
pharmacological activity of commonly used cardiovascular drugs.
Our aim has been to confirm the health-promoting effects of

garlic supplementation and to identify the best garlic preparation
and the chemical constituent(s) responsible for the beneficial
cardioavasuclar actions. Since, garlic supplementation is used by
many patients using modern medicine, we also determined the
interaction between garlic preparations and their active
constituents with different drugs.

The present study was done using garlic oil because of earlier
reports on the cardiovascular benefits of this oil (Kuo et al., 2011;
Seki et al., 2015). The active constituent; DADS, was also selected
based on earlier studies on its effect on the cardiovascular system
(Khatua et al., 2016) and its dose was selected as equivalent to that
present in the garlic oil used in the study through GC-MS
analysis.

High doses of isoprenaline (ISO) cause a cascade of events that
culminate in ventricular hypertrophy, with disruption and
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FIGURE 13 | Power Analysis of parameters with low sample size Values
are given in percentage, analyzed using G power application, One way

ANOVA and Post-hoc test with a error probability of 0.05 and a total sample
size of 33 in eleven groups.

rupturing of the cardiac muscle resulting in extraceullar fluid flow
and an increase in heart weight (Liu et al., 2013; Sagor et al., 2015).
According to this, in isoprenaline-injected rats, heart weight and
the ratio of heart weight to body weight were abnormally high,
which was successfully mitigated in rats that received garlic oil,
diallyl disulphide, or carvedilol treatment, either separately or
jointly. This means that our therapies effectively protect the
cardiac muscle against ISO-induced rupture by reducing
oxidative stress and limiting water migration to the
cardiomyocytes, hence maintaining cardiac homeostasis (Goyal
et al, 2010). Carvedilol, like garlic oil and DADS, showed
antioxidant properties, albeit the significance of this
characteristic is unknown (Ayashi et al., 2016).

The cardiac myocardial infarction was induced using ISO, a
catecholamine ~ that  increases  myocardial  function.
Administration of ISO for two consecutive days at 150 mg/kg
subcutaneously produce severe increase in myocardial function
leading to myocardial infarction (Jiang et al., 2019; Feriani et al.,
2020). The ISO induced myocardial infarction is one of the most
widely used and accepted models of myocardial infarction and is
used for evaluation of the cardioprotective effects of various
agents. The events of myocardial damage follow the same
pattern that is observed with pathological myocardial damage,
which starts with biochemical changes followed by ultrastructural
to microscopic changes. All these events occur within 48 h after
the injection of isoprenaline (Dudnakova et al, 2002). The
myocardial damage is also mediated through the generation of
oxygen free radicals due to oxidation of ISO, leading to the
formation of superoxide anions that ultimately result in the
formation of hydrogen peroxide. These oxidative species
increase the permeability of microsomes and calcium uptake
in the mitochondria. They also reduce ATP formation and
damage cellular proteins, lipids, and DNA (Jiang et al., 2019;
Feriani et al, 2020). To assess the protection offered by
pretreatment of garlic oil, DADS, carvedilol and their
combinations, biochemical estimation of enzymes released
from cardiac cells; CK-MB and LDH, levels of antioxidant
enzymes; SOD and catalase, level of TBARS and histological

Garlic Oil and DADS With Carvedilol

scores were determined. Elevated serum levels of CK-MB and
LDH with a simultaneous decrease in these enzymes in HTH
indicates damage to the myocardium. The toxic free radicals and
other reactive oxygen species (ROS) are scavenged by endogenous
antioxidant enzymes, which include SOD that dismutates
superoxide anion and catalase that reduces peroxides (Borek,
2001). Higher enzyme activities suggest enhanced protection
against oxidative damage.

Garlic and its different preparations are used traditionally for the
treatment of various diseases. Garlic preparations may be classified as
allicin-rich and non-allicin preparations (Haina Wang et al., 2013).
Allicin-rich preparations are made using raw garlic, while processed
garlic is used for the preparation of non-allcin products (Sharifi-Rad
et al, 2019). Other than allicin, these two preparations contain
several other constituents that are different from each other (Kasuga
et al., 2001). Of these different chemicals, organosulfur compounds
(OSCs) such as DADS and dially trisulfidehave been reported for
several pharmacological actions, including cardiovasulcular effects
(Abe et al., 2019). These compounds are also known to modulate
activities of different drug metabolism enzymes, especially those
involved in phase II metabolism by unknown mechanisms (Zhao
et al,, 2013).

Carvedilol, a beta-adrenergic blocker, is used as an antianginal,
antiarrhythmic, and antihypertentve agent. It is also used for
treating both idiopathic and ischemic congestive heart failure. It
prevents ISO induced myocardial infarction by antagonising the
effect of ISO on the cardiac beta;-adrenergic receptors
(Elshourbagy, 2016). Carvedilol also displays antioxidant action,
although the relevance of this property remains uncertain (Ayashi
et al., 2016). However, antioxidant properties that some of these
compounds appear to possess have previously been linked to a
number of the positive cardiovascular benefits that this group of
compounds has been linked to in the literature (Mak and Weglicki,
1988). The findings of this study corroborate prior observations
with atenolol, another beta blocker (Asdaq and Avula, 2015).
Garlic oil and DADS improved both atenolol and carvedilol’s
cardioprotective capacity during ISO-induced myocardial stress
in experimental rats. Both beta blockers effects are well-known and
have been proven in prior studies (Jonsson et al., 2005).

The garlic oil contains soluble organosulphur compounds
called allyl sulphides, which imparts characteristic flavour to
the oil. Diallyl disulphide (DADS) is a type of allyl sulphide
that is found in garlic oil but is not found in garlic cloves. As
mentioned above, DADS is reported to possess several
pharmacological activities. It is formed as a product of allicin
by the action of the allicinase enzyme during garlic cutting or
crushing (Abe et al,, 2019).

The ISO administration also produced an increase in the
TBARS in the cardiac cells. Antioxidants reduce oxidative
stress and reduce both the initiation and propagation of the
lipid peroxidation process. Administration of carvedilol along
with high dose garlic oil (100 mg/kg, p.o) or DADS (8.94 mg/kg,
p.o) showed a slight fall in TBARS compared to ISO control,
indicating a cardioprotective effect. To ascertain the extent of
damage to myocardium, a histological examination was carried
out along with biochemical estimations. Pretreatment with high
doses of garlic oil and DADS alone or with carvedilol substantially
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maintained the myocardial cellular integrity and decreased the
pathological scores when compared to the ISO treated group. The
number of samples for determination of different parameters in
the HTH was only three. The sample size could not be increased
due to ethical issues. Though the sample size was small, it was
enough to draw conclusions as the LDH and CK-MB levels were
simultaneously determined in the serum.

The results of the present study showed varying effects.
Nevertheless, the results suggest that garlic oil or DADS at
two different doses augment the cardioprotective action of
carvedilol. A comparison of different groups showed a dose
dependent effect of garlic oil and DADS, though a significant
effect was not observed between the effects produced by the lower
dose compared to the higher dose. The comparison of effects
produced by the combination of carvedilol with either dose of
garlic oil or DADS with individual treatments showed varying
effects, with some of them being significant, while many other
comparisons were not significant.

The antioxidant property of garlic oil and its constituent diallyl
disulphide have been reported earlier (Chiang et al., 2006). The
antioxidant action is due to organosulphurous compounds. but
the exact mechanism is still not clear. It is apparent that allyl
sulphur constituents of these preparations are responsible for
accelerated antioxidant enzyme synthesis at times of ISO induced
stress to the myocardium (Kim et al., 1997).

CONCLUSION

The findings of the present study showed a dose dependent
increase in the cardioprotective efficacy of garlic oil and its
constituent, diallyl disulphide (DADS), during
isoprenaline induced myocardial damage. Additionally, this
study reiterates the role of garlic oil and DADS in amplifying
the cardioprotective efficacy of carvedilol in ISO induced
ischemic damage in experimental animals. Despite the fact
that beta blockers are well-known for their cardioprotective
properties, this work was the first to find the cardioprotective
interaction of carvedilol with garlic oil and DADS during
myocardial stress in rats. The findings of this study will pave
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Medicinal Plants in Traditional Herbal
Wines and Liquors in the East of Spain
and the Balearic Islands

V. Martinez-Francés '*, D. Rivera?, C. Obon?®, F. Alcaraz® and S. Rios’

'Biological Research Station-Botanical Garden of Torretes, Institute of Biodiversity CIBIO, University of Alicante, Alicante, Spain,
2Departamento de Biologia Vegetal, Facultad de Medicina, Universidad de Murcia, Murcia, Spain, *Centro de Investigacion e
Innovacion Agroalimentaria y Agroambiental (CIAGRO), EPSO, Universidad Miguel Hernandez de Elche, Alicante, Spain

Homemade herbal preparations from the East of Spain are the witness of traditional
medicine inherited from the ancient complex formulas of herbal teas and medicinal wines.
In this study, we document the use of traditional alcoholic beverages, identify their
ingredients, almost exclusively botanical, record the local medicinal uses of these
mixtures, and discuss patterns of distribution of this knowledge in regions of eastern
Spain, the Balearic Islands and Andorra. We determine marker species and relevant
patterns of herbal formulas in the different regions of the territory. Homemade liquors and
ligueurs are consumed for their digestive and tonic-restorative properties but they also play
in some cases an important social role. The elderly remember other medicinal uses such as
aperitif, emmmenagogue, or antidiarrheal, for some of the most popular preparations. The
herbal liqueur formulas include predominantly Lamiaceae, Asteraceae, Rosaceae,
Rutaceae, and Apiaceae species. Herbs (58%), fruits (28%), and mixtures of both
(12%) are ingredients of liquors and wines, being the aerial parts the most frequent in
terms of species (30%) and records (49%). Dictamnus hispanicus, Santolina villosa, Salvia
blancoana subsp. mariolensis, Rosmarinus officinalis, Thymus vulgaris, and Clinopodium
serpyliifolium subsp. fruticosum are the species most frequently used. Others species
used to a lesser extent as Polygonatum odoratum, Thymus moroderi, and Saxifraga
longifolia are restricted to locally homemade preparations because their collection and
uses require special knowledge of the rare or endemic flora. Sustainability of these
practices is strongly limited by the overall loss of local traditional knowledge and by the
limited availability of most of the wild species; some of them are endangered or threatened
mainly by the loss of their natural habitats. Cultivation and domestication are a promising
alternative to collecting from wild populations. The cultivation of Thymus moroderi in the
province of Alicante and Polygonatum odoratum in the province of Teruel are good
examples. There is a notable decrease in the complexity of the formulas registered
throughout the nearly 15 years of the study. This is interpreted as a consequence of a
loss of knowledge, less accessibility to wild resources, and changes in traditions and
preferences.

Keywords: appetite stimulant, digestive, emmenagogue, ethnobotany, medicinal wines, medicinal liquor, tonic
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INTRODUCTION

Hippocrates is credited for the sentence “let thy food be thy
medicine and thy medicine be thy food.” This phrase is unlikely
from Hippocrates; however, yet in line with the above philosophy,
we are currently witnessing a reappraisal of the complementarity
of nutrition and pharmacology (Witkamp and van Norren, 2018).
The ethnobotany of wine has been studied recently, and ancient
Egyptian and Phoenician wine residues reveal that these peoples
added spices and healing herbs. Some healing plants whose
remains were found in ancient Egyptian wines were coriander,
lemon balm, peppermint, rosemary, sage, savory, senna, and
thyme (Plotkin, 2021).

Soaking herbs for several days, weeks, or years in wine or
distillates with different alcohol concentrations are a common
practice in different cultures all over the world (Min and Jeong,
1995; Hwang et al., 2005; Wujisguleng et al., 2012; Egea et al,,
2015; Egea et al.,, 2016). Their product is a wide range of extracts
known as herbal wines and liquors (Egea et al., 2015).

The origin of liquors with medicinal plants, obtained by
maceration in alcohols or by distilling wines, is difficult to
determine but in any case it is the result of the development
of distillation techniques (Forbes, 2009). The first trustworthy
references for distilled alcohol date back to 1130 and 1160 CE at
the Salerno School, where a certain Master Salernus distilled
alcohol to make perfumes and medicines (Cierbide, 2007; Forbes,
2009). The first herbal liquors known as “aqua ardens
compositae” appeared between the 13th and 14th centuries in
the works of Salernitan scholars natives of the kingdom of Aragon
such as Joanis de Rupescissa, Arnau de Villanova, and Raimond
Llull (or their disciples) (Loring, 1993; Bueno and Alegre, 2001;
Cierbide, 2007; Forbes, 2009; Cierbide, 2013; Lopez-Pérez, 2016).

Spirits, often named liquor, contain no added sugar and at
least 20% alcohol by volume, while liquors with added sugar and
often herbs or flavorings are best known as liqueurs (Jurado,
2004; Egea et al., 2015).

The reasons for considering alcohol as medicinal are rooted in
Galenism. According to the galenic principle “contraria contrariis
curantur,” spirits which are hot and dry in third grade became a
true panacea to cure all cold and wet diseases, especially
gynecological disorders. Galenic “composite waters” combined
the value of “hot” plants with alcohol (aquae ardens or quinta
esencia, Rupecissa, 1346) as a remedy per se and solvent, vehicle,
and preservative (Garcia-Ballester, 2001; Cierbide, 2007). This
aqua vitae was perceived closest to the Elixir of life so sought by
alchemy (Martin-Reyes, 2004; Lopez-Pérez, 2016). These liqueurs
were called spirits, derived from the Greek concept of pneuma
applied to medicine by Galen and assimilated to the product
obtained from wine distillation as its spirit (Cierbide, 2007).

Antidotarium Arnaldi and De Vinis, both of Arnau de
Villanova (McVaugh, 1993; Simd-Santonja, 2007; Gil-Sotres,
2011), recommended the use of herbal macerates, spiced
wines, and spirits for gynecological disorders.

Traditional medical and alchemical knowledge in Spain is
influenced by the Andalusian Muslim medicine (Garcia-Ballester,
1984, 2001). This process was greater in the Kingdom of Valencia
(Garcia-Ballester, 1989; Garcia-Ballester and McVaugh, 1996)

Traditional Herbal Wines and Liquors

through popularization of knowledge (Garcia-Ballester, 1982;
Garcia-Ballester, 1984; Garcia-Ballester, 2001) before the final
expulsion of the Moors from Spain.

The greatest development of distillation and new medicines
occurs in Spain from the second half of the 16th century, due to
the support of King Felipe II and his court (Loring, 1993; Puerto,
1993; Bueno and Alegre, 2001; Martin-Reyes, 2004; Loépez-Pérez,
2016). The greatest advances were made on this subject through
the so-called “royal distillers” who worked in three great alchemy
laboratories created and protected by the Crown in Aranjuez,
Madrid, and El Escorial. One of them, Diego de Santiago, wrote a
distillation manual Arte separatoria, and many distillation
devices that were exported to other European courts (Bueno
and Alegre, 2001). In 1592, Francisco Vallés following the orders
of Felipe II tried to regulate the distillation of spirits throughout
Spain, putting it exclusively in the hands of the apothecaries
(Bueno and Alegre, 2001; Martin-Reyes, 2004). This law, which
was a pioneer in Europe, implicitly recognizes that there were
outside the court and its area of influence numerous particular
industries that manufactured spirits to satisfy the great demand
for distilled waters that existed among the population (Bueno and
Alegre, 2001; Martin-Reyes, 2004).

Complex classical medical wines evolved into complex spirits
or, as they are more popularly known, medicinal liquors. This is
evidenced in the Castilian translations of Dioscorides by Laguna
(1555), Laguna (1566) and in the first Catalan edition of 1617
from the Libro de los Secretos de Agricultura, Casa de Campo y
Pastoril of Fray Miquel Agustin (Agustin, 1722).

This conceptual change will already remain invariant until the
beginning of the 20th century. Today homemade and informal
preparations produced locally at family level or small industries
are known as traditional alcoholic beverages (Egea et al., 2016).
The World Health Organization includes these traditional drinks
in the so-called “unrecorded alcohol,” highlighting its cultural,
social, and economic importance around the world, and the risk
of their consumption. It has been estimated that almost one-
quarter of all the alcohol consumed worldwide is drunk in the
form of unrecorded alcohol (Rehm et al.,, 2014; WHO, 2018;
Okaru et al.,, 2019). For many decades, home distillations have
been disappearing. Currently, homemade liquor makers buy the
liquor from local distilleries that already sell the legalized solvent
to them.

In the East of Spain, most of these homemade liquors are
elaborated, macerating some wild or cultivated plants in
anise-flavored alcohol (Martinez-Francés and Rios, 2005;
Martinez-Francés et al., 2012; Martinez-Francés et al., 2015;
Martinez-Francés et al., 2017). They are part of the traditional
medicinal recipe repertory, inherited from the ancient complex
formulas of herbal teas and medicinal wines (Martinez-Francés
et al., 2015). The know-how linked to the elaboration of herbal
liquors is part of the Traditional Knowledge System. This
knowledge evolves usually over long periods of time and it is
transmitted from one generation to the next (Hunn, 1998). The
importance of this type of knowledge, defined as Intangible
Cultural Heritage, was recognized by UNESCO in 2003 (Savo
et al., 2011). The essence of Traditional Knowledge is not the
mere product or use of a plant but includes a great sum of
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FIGURE 1 | Location map of the studied areas.

knowledge about the local environment and its ecological rules
embracing culture, history, and symbolism. Nowadays, it is
disappearing in industrialized countries as a consequence of
different economic trends, food, and drug availability and
changes in communication, culture, and values (Savo et al., 2011).

There are various general ethnobotanical studies in the
different regions covered in this work with some partial
references to traditional homemade herbal liquors: Aragon
(Villar et al., 1992), Balearic Islands (Carrio and Valles, 2012;
Moll, 2003, 2005), Castilla-La Mancha (Fajardo et al., 2007; Verde
etal., 2008), Catalonia (Agelet and Valles, 2001; Bonet and Valles,
2002; Parada et al.,, 2011; Figueras and Castelld, 2012), Murcia
(Rivera et al., 2008), and Valencia (Mulet, 1991; Pellicer, 2001).
But there are no works that cover the whole of the territory and
are specifically dedicated to this matter that is on the interface on
food and medicine.

The specific aims of the present research are as follows.

To document the formulation and uses, particularly those
medicinal, of traditional homemade alcoholic beverages and the
related knowledge in eastern Spain. For this, we intend to identify
the different ingredients and their relative importance in the
whole as well as determining the types and styles of these drinks
and their geographic patterns if they exist.

It is also intended to analyze the evolution in the complexity of
the registered formulas over the almost 15 years of study, discuss
the factors that determine the patterns of geographic distribution
of this knowledge, and, finally compare our results with available
evidence from western Mediterranean areas on similar
formulations reputed as nutraceuticals.

MATERIALS AND METHODS
Study Area

The study area extends along eastern Spain including the Balearic
Islands (Mallorca, Menorca, Ibiza, and Formentera Islands) and
Andorra (Figure 1). The main sampling activities were developed
within the Comunidad Valenciana (provinces of Alicante,
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Castellon, and Valencia), followed by southern Aragon (Teruel
province) and southern Catalonia (Tarragona province). Castilla-
La Mancha, Murcia, Madrid, Extremadura, and Andalusia region
were less intensively sampled. We paid special attention to
obtaining ethnobotanical data in the Valencian region and the
Aragon border (Table 1). The rest of the areas have also
prospected, although to a lesser extent, to follow our study
methodology and to be able to compare the data.

The provinces of Alicante, Valencia, and Castellon offer a
homogeneous physiognomy from the general ethnological point
of view. Murcia is a transition zone between Andalusia and the
Levant, but socially and economically, Murcia is a Levantine land
with Castilian influences. In both territories, the Moorish cultural
footprint has persisted, especially in the garden areas along the
rivers subject to traditional irrigation (Caro-Baroja, 1981). This
Moorish persistence can also be seen in the Lower Aragén
territories and the Teruel mountain ranges, singularly where
fertile orchards are cultivated along the rivers (Caro-Baroja,
1981). Traditional housing is based on the use of local
resources and is oriented to cope with extreme temperatures
and the impact of torrential rains in the form of floods. Especially
in the Valencian territory, the festivals are characterized by their
ostentation and luxury and offer an exceptional occasion for the
shared consumption of different herbal liqueurs or “herberos.”
The population structure of the Balearic Islands differs from that
of the Levantine coasts of the peninsula. However, the Valencian
and Catalan influence, and even Aragonese, from the linguistic,
social, and economic points of view, has been intensely felt in
more modern times (Caro-Baroja, 1981). The Catalan territories
are defined mainly by the Catalan language, which philologically
differs from those of Valencia and the Balearic Islands, with
which it shares a common substratum. Within the sampled area,
the eastern Catalan dialect predominates in the provinces of
Gerona and Barcelona and the western Catalan dialect in the
south of Tarragona and the neighboring territories of Aragon
(Caro-Baroja, 1981).

TABLE 1 | Geographical provenance of the formulas and samples analyzed.

Autonomous communities and Provinces Samples
countries
Andalucia (total) 2
Andorra® (total) 3
Aragén Teruel 56
(total) 56
Baleares (total) 26
Castilla-La Mancha (total) 20
Cataluha Tarragona 37
(total) 55
Com. Valenciana Alicante 239
Castellon 105
Valencia 48
(total) 392
Extremadura (total) 1
Madrid (total) 1
Reg. Murcia (total) 13

2Andorra is an independent country of the Pyrenees.
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The whole of the study area lies within the Mediterranean
Region, characterized by summer drought, which in the
mountains is eventually attenuated by occasional storms
(Peinado-Lorca and Rivas-Martinez, 1987). Most of the
sampled localities fall, in terms of biogeography and
vegetation, within the Valencian-Provencale-Balearic province
and, especially, within the different sectors of the Valencian
subprovince (57%) (Rivas-Martinez et al, 2014). However,
other territories sampled in some detail belong to the Balearic
Islands biogeographical subprovince (10%), Oro Iberian
subprovince (c. 12%), and the Alicantese-Murcian sector (c.
9%) of the Murcian Almeriese province. Bioclimatically, most
are, in terms of temperatures, Mesomediterranean (with average
annual temperature 13-17°C) or Thermomediterranean
(17-19°C) and in terms of rainfall are semiarid (200-350 mm),
dry (350-600 mm), or subhumid (600-1,000 mm) (Peinado-
Lorca and Rivas-Martinez, 1987).

The calcicolous thyme scrub, rosemary and Cistus garrigue,
and holm oaks or junipers woodlands are the main formations in
the Valencian subprovince (Folch, 1981; Folch et al., 1984; Costa,
1999) and where our informants obtain most of the ingredients
along with fields and orchard gardens.

The geological and climatological diversity of this territory has
generated numerous habitats, multiplying the plant diversity that
has conditioned the population’s way of life. Mountain areas
acquired a great reputation in terms of medicinal plant richness
becoming centers of herbs collection and also as the most
important places for peregrination (De-Terdn, 1949).

Data Collection and Plant Specimens

Identification
Ethnobotanical fieldwork for this study was conducted along two
main periods: the first, more intensive between 2005 and 2011,
and a second period with less intensity later until 2018. Prior
informed consent was obtained verbally before each interview,
following the ISE Code of Ethics (ISE, 2006). We used a combined
sampling strategy starting by defining a sampling frame focusing
on inns, distilleries, and traditional “herberos” fairs in the main
area of study and, then, recurred to the snowball sampling
strategy when it was possible (Lambert, 1990; Turner, 2003).
Local knowledge for medicinal plants used in liquors and
wines was collected from 83 female (170 records) and 194 male
informants (412 records), using semistructured, focalized
interviews (details are available in Supplementary Table SI).
From the point of view of the languages and dialects (Burguerfio,
2002; Garcia-Mouton, 2007; Vales, 2012) spoken by our
informants and in which the recipes were collected, Valencian
prevails, followed by Spanish, Catalan of southern Catalonia, and
Balearic. The occupations of our informants were varied, ranging
from innkeeper (56%) or distiller (14%) to official or pharmacist
(6% each), shepherd (4%), craft seller, farm shop keeper, honey
seller, or folk group member (2% each) and forest ranger,
tobacconist, rural tourism manager, healer, or priest (1% each).
It is worth noting that thirteen records were obtained in
interviews that involved the joint participation of men and
women from the same family unit. The estimated age of the
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interviewees at the interview moment ranged from 23 to 93.
Based on the estimated age, only one informant was under 25;
approximately 10% were between 25 and 39; the maximum
number of informants occurred in the age ranges 40-54 (31%)
and 55-69 (39%). Approximately 19% of our informants were
70-84 and only four were within the 85-99 age range.

Information on the herbs used and the way these were
combined in each particular case was obtained from three
main sources: first, and more often, the informants supplied
us with the recipe or formula including the herbal ingredients and
accompanied us to the field in order to verify the botanical
identity of these when this was possible and to collect voucher
specimens; alternatively, they gave us the bottle containing the
liquor and the herbs and finally, which for us was the optimum,
but more difficult to achieve, we obtained both recipe and liquor
sample.

Plant specimens were collected from field surveys, given, dried,
by the informants, or obtained by the analyses of samples (bottles
with medicinal wines or liquors) (Figure 2; Table 2). They were
identified using the Flora dels Paisos Catalans (Bolos and Vigo
1984; Bolos and Vigo, 1989; Bolos and Vigo, 1996; Bolos and
Vigo, 2001) and, in some cases, with the help of specialists in
floristic and systematic botany. Voucher specimens were
deposited in the Herbarium of the Barcelona University
(BCN) and the Herbarium of the Valencia University (Jari
Botanic) (VAL) (details are available in Supplementary Table
$2). The material obtained alive in good condition for cultivation
was introduced in the living collections of the Torretes Botanical
Garden and wused to prepare voucher specimens. Plant
nomenclature is in accordance with POWO (POWO, 2021).
For foreign or cultivated species determination, we followed
Rivera et al. (1996); Rivera et al. (1998) and actualized their
nomenclature according to GRIN (2021). The species were
identified by Martinez-Frances and Rios.

Data Management and Analysis

The data collected during the fieldwork refer to the preparation
and consumption of any type of homemade herbal alcoholic
beverage. These data h‘gve been entered in a database generated
with Microsoft Excel 2007. These include, among others,
information on plant ingredients (scientific name, family,
vernacular name/s, and plant parts used), type of solvent
(distillate, anise-flavored alcohol, and wine), type of beverage
(distillate, liquor, and aromatized wine), main herbal types (fruits,
herbs, mixture of fruits and herbs, fungus, and animal),
processing and main consumption contexts and patterns,
current usage, and medicinal local uses (digestive, aperitif,
tonic-restorative, antidiarrheal, emmenagogue, and
preservative-wine). Each elemental record represents one
citation, defined as a single reported use for a single plant by a
single informant. Different records are considered those that
differ from each other in at least one of the following data:
species, plant parts used, informant, type of beverage, and use
category. We used for the analysis of da®ta the set of functions and
formulas available in Microsoft Excel 2007. These include the
creation of thesaurus to standardize scientific names of plants and
names of regions and provinces using VLOOKUP. Among other
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contents in the laboratory by a member of the research team.

FIGURE 2 | Main types of herbal liquors analyzed. (A) Herbero from Valencia region. (B) Beatamaria from Tarragona. (C) Ratafia from Girona. (D) Beatamaria from
Teruel. (E) Cantueso from South of Alicante province. (F) Herbero from Formentera island. (G) Salvieta from North of Alicante province. (H) Gitam and fruit spirit from
Castellon province. (1) Fruit spirit from Albacete province. (J) Collection of voucher specimens in the field accompanied with the informants. (K,L) Identification of bottle

functions frequently used for this study are SUMIF and
COUNTIF.

Given the extraordinary diversity of the sample in terms of
informants (277), localities (126), different formulas (533), and
identified ingredients (215 species), the dissimilarities calculated
through the Sokal-Sneath index (Perrier et al, 2003), based
on the presence/absence using Darwin 6 (Perrier and

Jacquemoud-Collet, 2006), resulted in non-Euclidean distances,
with low resolution. In the factorial analysis, only 7% of inertia
was explained by the first axis. Therefore, we considered that the
use of multivariate analysis techniques would not be appropriate
for the study of the group that is the object of this work.

Maps have been created with The Generic Mapping Tools®
1991-2020, version 6.1.1 [64-bit] (GMT, 2021).
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TABLE 2 | Main types of information recorded and their regional frequency.

Traditional Herbal Wines and Liquors

Region Only formulas Only liquor samples Formula and sample Totals
Castilla-La Mancha 8 2 10 20
Com. Valenciana 268 54 78 400
Andorra® 3 0 0 3
Cataluha 28 1 18 47
Extremadura 0 0 1 1
Andalucia 2 0 0 2
Baleares 17 5 4 26
Madrid 1 0 0 1
Reg. Murcia 11 0 2 13
Aragon 49 2 5 56
Total 377 64 118 569

4Andorra is an independent country of the Pyrenees.

TABLE 3 | Ethanol contents of the bases used for macerating the plant ingredients and sources for this alcohol.

A
Alcohol contents in percentage

Wine (16-20%)
Low alcohol spirit (20-34%)
Aniseed spirit and others (35-70%)

Source and type

Wine/distilled wine alcohol

Honey

Distilled molasses alcohol

Spirit aromatized with “anis de matalauva” or star anise

Formulas and liquor samples

63
312
194

Formulas and samples

289
9
298
278

Often the final liquor is elaborated by mixing different bases, hence, the total can exceed the number of 569 formulas studied.

Main differences in the type of homemade beverages taken
into account in this study consist in the ingredients macerated
(species and part of the plant) and the type of solvent used
(Table 3). For liquors, anise-flavored alcohol (Martinez-Francés
and Rios, 2005; Martinez-Francés et al., 2012; Martinez-Francés
et al., 2017) is usual. The alcoholic concentration of spirits has
been noted and classified considering two categories: one between
20 and 35" and the other between 36 and 70°. In many cases, this is
the difference between spirits bought in warehouses, the former,
or made in their own alembics, the latter. The origin of alcohol
(Vitis vinifera L., Beta vulgaris L. subsp. vulgaris Sugar beet group,
and Saccharum officinarum L.), the sweetener (B. vulgaris subsp.
vulgaris, S. officinarum, and honey), and the anise flavoring
(Illicium verum Hookf. and Pimpinella anisum L.) has also
been identified wherever possible. However, these were not
included in our analysis since they were not part of the
macerate mixtures and, therefore, did not yielded voucher
specimens. In the case of aromatized wines, the most common
base used is red wine, although in some cases, white or rose wines
have also been used.

Those species that serve as a base for the alcoholic beverage, as
sweeteners, or as flavorings and are previous to the addition of the

herbs to macerate are excluded from the total species count of
each recipe.

RESULTS

General Results
We interviewed 277 informants (194 men; 83 women) whose
average age was 56 years. Men account for 70% of those
interviewed, highlighting the importance of this aspect in the
preparation of medicinal liquors, compared to the usual role of
women in family care.

In the first interview period, until 2011, older people were
prioritized, reaching 23% of those interviewed, with an age
between 70 and 93 years. The most numerous age group
studied is between 40 and 70 years, representing 66% of the
total. In the second period, until 2018, the interviews with
younger people were intensified. This was the period when
some of them replaced, in the liquor preparation activities, the
older informants of their families.

The approximate age of the informants is relevant for the
number of formulas recorded, with a maximum of 227 records
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TABLE 4 | Medicinal and other uses of the studied herbal wines and spirits.

Main use Formulas and samples %
Medicinal
® Digestive 493 86.6
® Tonic (restorative) 178 31.3
® Aperitif 78 13.7
e Antidiarrheal 53 9.3
® Emmenagogue 49 8.6
Others
® Social 440 77.3
® Preservative (wine) 26 4.6

Liquors are often consumed for more than one purpose (cf. Table 6); hence, the totals
can exceed the number of 569 formulas studied.

TABLE 5 | Frequency of plant parts among the analyzed liquors.

Parts Species % Records® %

Aerial parts 70 30.0 1,279 49.3
Leaves 45 19.3 423 16.3
Flowers/inflorescences 35 15.0 250 9.6
Fruits 31 13.3 257 9.5
Tender shoots 22 9.4 53 2.0
Roots 7 3.0 46 1.8
Seeds 5 2.1 37 1.4
Stems 4 1.7 118 4.6

ANote that one single sample with different plant species can contain more than once the
different recognized parts.

from informants between 40 and 54 years, followed by 166 from
those between 55 and 69 and 113 from those aged 70 to 84.

The bases used for macerating the plant ingredients are wines
(usually red wine) and spirits of different ethanol concentrations
(Table 3).

We compiled an inventory of 215 taxa from 56 families. Most,
128 (60%), are wild species, followed by 74 cultivated (34%), few
are imported (12, 6%), and one is feral. The proportion of
imported species differs along the types and styles recorded.
Vascular plant taxa are 212, two are fungi, and one is zoological.

From a phytogeographic perspective (POWO, 2021),
Mediterranean species predominate (118, 55%) followed by
those European (37, 17%) and widespread (30, 14%). Minor
represented groups include Northern Hemisphere, Asia,
America, Southern Hemisphere, and Pacific Islands.

Medicinal Uses of the Herbal Wines and
Spirits

Almost 87% of the recorded formulations are reputed by our
informants as being digestive and are consumed as such
(Table 4). However, they recognized that also most herbal
liquors were consumed in social events involving high food
intake or, especially by the younger population, merely “per
se” no matter the supposed health benefits of their
consumption. The use as a general tonic or to improve their

Traditional Herbal Wines and Liquors

TABLE 6 | Plant families more often present in the analyzed liquors.

Plant family Samples % Species %

Rutaceae 244 42.9 11 5.1

Lamiaceae 240 42.2 60 27.9
Asteraceae 177 31.1 20 9.3
Apiaceae 154 271 11 5.1

Rosaceae 86 1561 20 9.3
Verbenaceae 86 1561 1 0.5
Rubiaceae 57 10.0 5 2.3
Lauraceae 53 9.3 2 0.9
Juglandaceae 44 7.7 1 0.5
Malvaceae 38 6.7 4 1.9
Myrtaceae 28 4.9 3 1.4
Vitaceae 26 4.6 1 0.5
Hypericaceae 24 4.2 3 1.4
Asparagaceae 22 3.9 1 0.5
Cistaceae 9 1.6 7 3.3

Among the 215 species identified, two are fungi, one is Animalia, and 212 are Plantae.
Of the 56 families of plants, animals or fungi identified, only the fifteen with more than five
species or that appear in more than 20 samples are represented in this table and they are
all plants.

mood along with appetite stimulant follows in importance
(Table 4). Their uses as antidiarrheal (especially Balearic
herberos) or as emmenagogue (notably beatamaria) are worthy
of notice, although in terms of percentage they are low (below
10% each).

The eldest informants are those who have described a greater
diversity of medicinal uses for wines and liquors, also referring to
the use of the same formulas in herbal teas on a regular basis. For
them, some liquors are multipurpose, reporting even four or five
different uses for one single liquor (twenty-nine and seven
formulas, respectively). However, the commonest figure
recorded is two or three different uses (340 and 147 formulas,
respectively). Therefore, the largest number of references
recorded present two uses: to be consumed in social events
combined with a single medicinal purpose. Only forty-five
formulas were reported to have a single one use (medicinal
or not).

The Ingredients
Aerial parts are the most frequently used plant parts (Table 5)
followed by leaves, flowers, and fruits.

Lamiaceae is by far the most widely represented plant family in
terms of species (c. 28%) but slightly surpassed by Rutaceae in the
percentage of samples (Table 6). Asteraceae follows in the
percentage of samples notwithstanding its high number of
species in the Spanish flora (Mateo and Crespo, 2014; Anthos,
2021). We must underline the overrepresentation of Rutaceae in
the formulas that are due in the case of cultivated Citrus species to
their aromatic leaves, flowers, and fruits and the abundance of
orange, lemon, and tangerine orchards in, notably, Valencia and
Murcia regions. Wild Rutaceae species are noticeable because
nevertheless their relative scarcity in the area, they are highly
sought for with the purpose of elaborating liqueurs (Table 6).

Among the 215 species identified, only 21 were recorded as
ingredients of more than 40 formulas (Table 7). Given the high
number of herberos analyzed, their contribution to the list of
relevant species is significant.
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TABLE 7 | Most frequently species in the liquors analyzed from E Spain.
Species

Dictamnus hispanicus Webb ex Willk.

Santolina villosa Mill.

Salvia blancoana subsp. mariolensis Figuerola
Rosmarinus officinalis L.

Thymus vulgaris L. subsp. vulgaris

Clinopodium serpyliifolium subsp. fruticosum (L.) Brauchler
Aloysia citriodora Palau

Foeniculum vulgare Mill. subsp. piperitum (Ucria) Cout.
Sideritis hirsuta L.

Sideritis tragoriganum Lag. subsp. tragoriganum
Citrus x limon (L.) Osbeck

Eryngium campestre L.

Teucrium capitatum subsp. gracillimum (Rouy) Valdés Berm.
Melissa officinalis L.

Thymus moroderi Pau ex Martinez

Cinnamomum verum J.Pres|

Stachys heraclea All.

Coffea arabica L.

Mentha pulegium L.

Juglans regia L.

Chiliadenus glutinosus (L.) Fourr.

Traditional Herbal Wines and Liquors

Frequency (samples) %

183 32.2
114 20.0
103 18.1
100 17.6
97 17.0
90 16.8
86 16.1
81 14.2
79 13.9
74 13.0
67 1.8
63 1.1
59 10.4
54 9.5
52 9.1

46 8.1

46 8.1

45 7.9
45 7.9
44 7.7
41 7.2

Among the 215 recorded species, those 21 species found in more than 40 samples are only represented.

TABLE 8 | Species furnishing more than two ingredients.
Standardized species

Citrus x limon (L.) Osbeck

Foeniculum vulgare Mill. subsp. piperitum (Ucria) Cout.
Citrus x sinensis (L.) Osbeck

Dictamnus hispanicus Webb ex Willk.

Artemisia absinthium L.

Juniperus oxycedrus L.

Rubus ulmifolius Schott

Pinus halepensis Mill.

WWWwwWwwkrbro

Number of ingredients

Ingredients

Tender shoots, flowers/inflorescences, fruit rind, leaves, and extract (juice)
Aerial parts, leaves, stems, and seeds

Flowers/inflorescences, fruits, fruit rind, and leaves

Aerial parts, leaves, and roots

Aerial parts, tender shoots, and extract (essential oil)

Tender shoots, leaves, and cones

Tender shoots, fruits and flowers/inflorescences

Tender shoots, leaves, and flowers/inflorescences

Among the 36 species furnishing more than one ingredient (depending on the plant part used), only those furnishing three or more ingredients are represented.

Lamiaceae is not only the most relevant plant family in
the number of species but also in the frequency they are
used. Among the 21 most commonly used plant species, over
one-half are Lamiaceae (Table 7). Among these, Salvia
blancoana subsp. mariolensis, Rosmarinus
officinalis, Thymus  vulgaris, and  Clinopodium
serpyllifolium subsp. fruticosum are present in more than
15% of the formulas.

A few species furnish more than one ingredient which are
separately used by our informants. Those supplying three or
more ingredients are listed in Table 8. Three Rutaceae are
included, Citrus x limon, C. x sinensis, and Dictamnus
hispanicus. These three species, together with Foeniculum
vulgare subsp. piperitum, stand out for their popular role as
flavoring in foods.

Regarding the number of ingredients macerated in the base
alcohol for the elaboration of the liquors, it varies from one to
more than 30 (Figure 3). The maximum diversity records for this

study are 48 species in a ratafia recipe from Girona province and
47 in one herbero from Mallorca Island.

Main Types and Styles Based on the Mixture
of Herbs

We have recorded 569 formulas and/or samples of wines, spirits, and
liquors (Table 2). Among these, 423 are unique differing in their
combination of ingredients. These were classified according to their
solvent and herbal ingredient composition into the following main
types: absinthe, beatamaria, cantueso, cucumber spirit, fruit spirit,
fruit wine, gitam, herbal spirit, herbal wine, herbero, honey spirit,
mushroom spirit, ratafia, resoli, salvieta, spirit, vermouth and walnut
wine, and Benedictine-like and digestive wine. Their relative
frequencies and distribution in the different regions studied show
peculiar patterns that are summarized in Figure 4. The most relevant
species and their combinations allow defining these peculiar types of
herbal liquors (Table 9).
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FIGURE 3 | Complexity of formulations in terms of number of species
entering the formulas.

The complexity of the formulations recorded is extremely
variable between the different types and even within each
type. Herbero with 47 and ratafia with 48 present the
maximum number of ingredients within single
formulation. However, within these same types, we have
found simpler formulations with five or fewer ingredients.
The rest of the types have a number of ingredients oscillating
between one and nine. Absenta, beatamaria, cantueso, gitam,
and salvieta are noteworthy herbal liquors simple or with
lesser ingredient diversity.

Polygonatum  odoratum  characterizes the beatamaria
formulations of Aragon and Catalonia (Table 9). It is possible
to find simple and complex variants of the main formula, being
always the core species Polygonatum odoratum (Figure 5).
beatamaria is elaborated in a small area where coincide three
provinces, Tarragona (Catalonia), Teruel (Aragon), and Castellon
(Valencia region).

From the same area but extending widely to the south reaching
Murcia (Table 9), the gitam stands out (Figure 6). It is made with
Dictamnus hispanicus and the distribution of this liquor coincides
practically with that of the species in the East of Spain. In the
upper part of the production territory, these two liquors are made
with high-alcohol content spirits.

In South of Valencia close to the province of Alicante, salvieta
liquor becomes noticeable, both in its simple formula with Salvia
blancoana subsp. mariolensis and in the complex formulas where
other sage species are mixed such as S. microphylla var.
microphylla, S. officinalis subsp. lavandulifolia, S. officinalis
subsp. officinalis, S. x auriculata, and S. x hegelmaieri
(Martinez-Francés et al., 2017).

In the South of Alicante province, Dictamnus disappears and
Thymus moroderi becomes the main species. This single liquor is
called cantueso and it is made and also commercialized in a very
small area between Alicante and Murcia.

a

Traditional Herbal Wines and Liquors

In the area described so far, from Tarragona to Murcia,
excluding Aragon, complex herbal liquors are made that we
have typified as herbero. We collected 186 formulas, of which
88% are from the different mountainous areas of the Valencian
region. In this herbero type, complex formulas of Balearic Islands
are included (Table 9). The Balearic formulas lack Dictamnus as
an essential plant, because it does not exist on the islands, but it is
replaced by rue. But there is a much greater difference between
the composition of these liquors between the main island,
Mallorca, and the rest. In Mallorca, whose main function was
to combat recurrent diarrhea, herbero is made mainly with
Rosaceae species, and with Tanacetum balsamita, a species
considered a panacea, which also stands out. In Menorca,
Ibiza, and Formentera, their liquors include both cultivated
and wild plants and the herbero type is more similar to the
peninsular ones. The Balearic Islands local variants of herbero are
characterized by the use of Santolina magonica (local endemic
species), Aloysia citriodora, and Rosmarinus officinalis among
others (Table 9).

Dictamnus hispanicus and Santolina villosa are present in over
60% of the 186 herbero formulations analyzed, mainly from
Valencia and Balearic Islands (Figure 6). Other species often
used in herbero are Salvia blancoana subsp. mariolensis Figuerola
and Thymus vulgaris L.

Vermouth and absinthe, though underrepresented in our
samples, are both characterized by the use of Artemisia
absinthium. Absinthe and vermouth are linked and although
there have been crops and distilleries in the interior of Castellon
province, their consumption was mainly restricted to the coastal
areas where it was also produced at a popular and commercial
level. Both sum 28 records, belonging ¢ 90%, to the Valencia
region.

The infrequent Benedictine-like liquor, which is no longer
produced, is characterized by the use of Angelica archangelica and
a mixture of spices. Walnut wine is made, especially in Valencia
but also in Aragon, Castilla-La Mancha, and Murcia regions, with
Juglans regia tender fruits that enter also in the ratafia
formulations of Catalonia. Fruit wines are often aromatized
with cinnamon bark.

Cucumber spirit is a fruit liquor made in the past throughout
the territory, being used as a powerful digestive, but many of the
bottles found were very old. Honey spirit is also elaborated in
different regions of Spain. We reported formulas of resoli mainly
from the northeast of Castilla-La Mancha, and also a mushroom
spirit is elaborated there and in Castellon (Valencia region). All of
them are used as digestives.

Data collected before 2007 yielded an average number of
herbal ingredients of c. 10. This allowed us to establish a
preliminary geographical differentiation of formulas according
to the dominance of different specific groups of plants. An
obvious generational rupture, away from rural and traditional
customs and a subsequent interest of return to natural lifestyles,
led to homemade globalization of this type of medicinal beverage.
Accordingly, formulas recorded were drastically simplified with
an average number of ingredients varying between 3.2 and 5.5
depending on the 4 years period considered. Presently, they can
be seen as merely “author elaborations” as digestive liquors. The
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FIGURE 4 | Main types of herbal liquors analyzed and their frequencies.

average number of herbal ingredients of the formulas recorded
after January 1 of 2016 is 2.9. Therefore, in almost 20 years of
study, we have recorded an impoverishment of the use of plant
species and, also, the medicinal uses for this type of preparation.

DISCUSSION

Relevant Species

Dictamnus hispanicus (Figures 5, 6) is present in one-third of the
formulas recorded during our study (Table 7). The species grows
in the study area, nowadays, among the unmanaged scrub or in
inaccessible areas of the Iberian mountains. Its distribution area
fits with the elaboration area of the characteristic gitam and
herberos. In Spain, leaves of D. hispanicus (Font-Quer, 1985;
Mulet, 1991; Rios and Martinez-Francés, 2003; Martinez-Francés
and Rios, 2005; Merle et al., 2006; Popovi¢ et al., 2014; Martinez-
Francés et al., 2015) were used instead of the rhizome, contrary to
what is commonly used in Central Europe (Fournier, 1947;

Ivanova et al., 2004; Panesar et al., 2009; Titd et al., 2009). The
parts most used in the spirits studied in eastern Spain are leaves
(173), while the aerial parts including stems and flowers (if any)
appear in nine and rhizomes only in two. The almost exclusive
use of leaves is clearly related to the sustainability of the resource
from the point of view of our informants. D. hispanicus aerial
parts were used in teas as digestive and emmenagogue (Martinez-
Francés et al.,, 2015; Martinez-Francés et al., 2018a).

This species has multiple medicinal uses that are treated in
detail in Martinez-Francés et al. (2015). The use of D. hispanicus
for dyspepsia and other diseases of the digestive system involves
the maceration in alcoholic beverages, steeping fresh leaves, or
flowering tops into spirits of 25-40% of ethanol, in simple gitam
formulas but often in other more complex named beatamaria and
herberet or herbero, which in recent decades have gained
popularity as digestive and tonics and are used within a broad
social context (Martinez-Francés et al., 2015).

The use of Dictamnus in herbal liquors recalls that of
Alpine wormwood (Artemisia genipi and other spp.) and
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TABLE 9 | Regional styles based on ingredient frequencies in the percentage of regional samples.

Standardized species Baleares Com. Valenciana Aragon Cataluna Castilla-La Mancha Reg. Murcia
Dictamnus hispanicus Webb ex Willk. 0.00 37.56 28.57 18.18 0.00 156.38
Santolina villosa Mill. 23.08 26.42 0.00 10.91 0.00 0.00
Salvia blancoana subsp. mariolensis Figuerola 0.00 24.35 0.00 0.00 0.00 0.00
Thymus vulgaris L. subsp. vulgaris 3.85 23.83 0.00 5.45 0.00 7.69
Clinopodium serpyllifolium subsp. fruticosum (L.) Brauchler 0.00 21.50 0.00 7.27 5.00 0.00
Sideritis hirsuta L. 0.00 20.47 0.00 0.00 0.00 0.00
Rosmarinus officinalis L. 50.00 19.69 0.00 16.36 0.00 0.00
Sideritis tragoriganum Lag. subsp. tragoriganum 0.00 19.17 0.00 0.00 0.00 0.00
Aloysia citriodora Palau 53.85 15.80 0.00 14.55 0.00 0.00
Teucrium capitatum subsp. gracilimum (Rouy) Valdés Berm. 0.00 16.28 0.00 0.00 0.00 0.00
Foeniculum vulgare Mill. subsp. piperitum (Ucria) Cout. 7.69 15.03 0.00 0.00 0.00 0.00
Thymus moroderi Pau ex Martinez 0.00 12.69 0.00 0.00 0.00 23.08
Juglans regia L. 11.54 5.96 14.29 5.45 10.00 15.38
Pimpinella anisum L. 7.69 5.18 0.00 5.45 15.00 16.38
Cinnamomum verum J.Pres| 11.54 6.99 3.57 12.73 20.00 15.38
Vitis vinifera L.# 0.00 3.63 3.57 3.64 20.00 7.69
Syzygium aromaticum (L.) Merr. and L.M.Perry 0.00 1.81 0.00 10.91 15.00 7.69
Citrus x limon (L.) Osbeck 46.15 9.33 1.79 7.27 0.00 0.00
Santolina magonica (O.Bolos, Molin. and P.Monts.) Romo 38.46 0.00 0.00 0.00 0.00 0.00
Foeniculum vulgare Mill. subsp. piperitum (Ucria) Cout. 38.46 0.26 0.00 10.91 0.00 0.00
Thymbra capitata (L.) Cav. 34.62 0.52 0.00 7.27 0.00 0.00
Citrus x sinensis (L.) Osbeck 23.08 2.85 0.00 5.45 15.00 7.69
Ruta chalepensis L. 23.08 0.00 0.00 7.27 0.00 0.00
Melissa officinalis L. 15.38 11.40 0.00 5.45 0.00 0.00
Coffea arabica L. 15.38 8.29 0.00 1.82 20.00 7.69
Juniperus oxycedrus L. 19.23 0.00 0.00 7.27 0.00 0.00
Mentha spicata L. 19.23 5.18 3.57 3.64 0.00 0.00
Salvia microphylla Kunth 19.23 3.37 0.00 0.00 0.00 0.00
Citrus x sinensis (L.) Osbeck 19.28 0.78 0.00 3.64 0.00 0.00
Citrus x limon (L.) Osbeck 156.38 1.55 1.79 12.73 0.00 7.69
Laurus nobilis L. 156.38 0.52 0.00 3.64 0.00 0.00
Pinus halepensis Mill. 15.38 0.00 0.00 0.00 0.00 0.00
Polygonatum odoratum (Mill.) Druce 0.00 0.26 17.86 20.00 0.00 0.00

Ingredients with a frequency of 15% or higher within at least one regional ensemble are only represented here.

4Raisins.

gentian (Gentiana lutea and other spp.) in medicinal
homemade digestive liquors in the Alps reputed as
panaceas but used especially against coughs and as
digestive and depurative (Pieroni and Giusti, 2009). Alpine
Artemisia species and G. lutea have a crucial role in the
Alpine folk medicine (Mattalia et al., 2012).

Salvia blancoana subsp. mariolensis (Figure 5) is an endemic
plant taxon with an area restricted to a small region in the North
of Alicante province and the South of Valencia province which is
present in the 20% of the formulas registered (Table 7). It has the
same traditional medicinal uses as S. officinalis subsp.
lavandulifolia whose distribution is much wider (Anthos,
2021), this last species being the accepted source for the
Spanish sage oil (Martinez-Francés et al, 2012; Martinez-
Francés et al., 2017). S. blancoana subsp. mariolensis is used to
prepare a digestive liquor called “salvieta,” alone or mixed with
other wild and cultivated sage species. Its consumption in local
festivities is consolidating its social use among the youngest,
becoming a potential commercial product. This species is used in
herbal teas as hypotensive, detoxifying, antitussive, anticold,
against gum inflammation, digestive, emmenagogue, sedative
and antipyretic, and the hydroalcoholic extract as tonic and
digestive (Martinez-Francés et al., 2017). There are no data on

the cultivation of this plant outside the botanical gardens (Reales
et al., 2004; Martinez-Francés et al., 2017).

Clinopodium  serpyllifolium subsp. fruticosum, with a
discontinuous area, grows on the eastern coast of the
Mediterranean, present in the East of Spain and in the Italian
and Balkan Peninsulas and Israel (Bolos and Vigo, 1996). In the
limestone and stony rocks where it appears, it is frequently
collected both to consume in teas and to make digestive
liquors. In every place it grows, it is an appreciated plant,
taken for relieving stomach aches and also for the treatment
of nervous system disorders (Mulet, 1991; Azab, 2016).

Thymus moroderi (Figure 5) is an endemic plant of
southeastern Spain that it is also cultivated and used to make
an industrial liquor marketed since 1867 named cantueso (Diaz-
Garcia et al., 2014; Marco-Medina and Casas, 2015). T. moroderi
is a potential source of anthocyanins as food additives, with both
high polyphenols content and high antioxidant activity (Diaz-
Garcia et al,, 2014). Due to its wide popularity and its scarcity, it is
susceptible to being adulterated with other species, such as T.
longiflorus, T. antoninae, and T. granatensis subsp. micranthus
between others (Diaz-Garcia et al., 2014); however, in the present
study, such type of adulteration was not recorded. Long journeys
are frequent in the western and southern Alicante area during T.
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FIGURE 5 | Plant species characteristic of the different types and styles of liquors. (A) Dictamnus hispanicus (herbero and gitam). (B) Santolina villosa (herbero). (C)
Salvia blancoana subsp. mariolensis (salvieta). (D) Sideritis hirsuta (herbero). (E) Thymus moroderi (cantueso). (F) Juglans regia (Walnut wine). (G) Chiliadenus glutinosus
(Herbal wines). (H) Artemisia absinthium (Absinthe and Vermouth). (I) Tanacetum balsamita (herbero). (J) Polygonatum odoratum (beatamaria).
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FIGURE 6 | Geographical distribution of the two major types of liquors.
(A) Gitam, Dictamnus hispanicus liquors. (B) Herberos. Note: dimensions of
circles are proportional to the number of formulas recorded in the locality.

moroderi flowering season, in which the population collects the
plant for consumption. In Elche Thymus moroderi, it is also
linked to one of the most deeply rooted traditions (although in
evident decline, as the festival itself is suppressed), such as that of
“fer herbetes” in the mountains that surround the Pantano de
Elche on Ascension Day. In addition to being marketed for
infusion, it is also the base of the most typical liqueur from
Elche (Marco-Medina, 2010; Macia, 2016).

It should be noted that in Cuenca province a liquor also known
as cantueso is made using Lavandula pedunculata instead of
Thymus moroderi; in this case, it is macerated in spirit, and later
water and sugar are added (Fajardo et al., 2007).

Another highly valued endemic thyme species is T. piperella.
Thyme species are characterized by a strong penetrating odor, but
these two species are exceptional as a seasoning in meals and as an
aromatizing in spirits for their pronounced balsamic and spicy
flavor (Ruiz-Navajas et al.,, 2012).

Polygonatum odoratum (Figure 5) extends along temperate
regions of Eurasia and N Africa (POWO, 2021). The species is
scarce in the southern half of the Iberian Peninsula (Anthos,
2021). It is cultivated as an ornamental plant with numerous

Traditional Herbal Wines and Liquors

varieties (RHS, 2021). In southern Aragon and the south of
Tarragona, a homemade liquor is made: beatamaria, which is
used in menopause-associated disorders (Martinez-Francés et al.,
2018b). This plant is called beatamaria only in this area, while in
the rest of Spain, the Spanish translation of Salomon’s Seal is the
common name. In China, the rhizomes of P. odoratum are
usually soaked with liquor and sugar for 6 months. Before
being used, the drink is strained with gauze. When drinking
frequently, it is supposed to eliminate fatigue, moisten skin, and
make one beautiful. The rhizomes are also used as herbal tea
(Wujisguleng et al., 2012). The rhizome of P. odoratum is known
as “Yuzhu.” It has the functions of nourishing Yin, clearing heat,
and helping produce saliva. It can be used for the treatment of
lung diseases, cough, diabetes, and indigestion. Different types of
compounds have been isolated from the rhizome cholestanol
saponins, furostanol saponins, spirostanol saponins, triterpenoid
saponins, polysaccharides, and homoisoflavanones (Zhao et al.,
2017). Pharmacological studies validate its antihyperglycemic
activity, anti-inflammatory and expectorant properties in the
respiratory system, immunostimulant activity, its induction to
osteoclast differentiation, and the apoptosis in some human
cancer (Xiao et al, 1990; Guan-Fu, 1991; Lin et al., 1994;
Youn et al., 2008; Shu et al., 2009; Tai et al., 2016).

Wormwood species are native from warm regions of Europe,
Asia, and North Africa (Obon et al., 2018a). In our study area, two
of them, Artemisia absinthium and A. arborescens, are used in
absinthe liquor and vermouth but also as an ingredient of herbero
and ratafia. Absinthe has been commonly used in coastal areas as
a malaria remedy, macerating wormwood in highly concentrated
alcohol, in some cases near to 80% in volume (Pielech-Przybylska
and Balcerek, 2019). But a complex absinthe preparation, called
Vermouth, a wine-derived aperitif widely consumed (Morata
et al., 2019), is also elaborated in some local distilleries of the
studied territory. This aromatized liquor with a bitter taste is
prepared from a base of white wine, fortified with wine spirit,
colored by caramel, and aromatized with several dried herbs,
spices, or their extracts (Panesar et al., 2009; Morata et al., 2019).
Locally, Centaurium quadrifolium subsp. barrelieri, from
Gentianaceae family, is also used in Alicante in liquors and
vermouths as quina (Cinchona officinalis) preparations in
Balearic Islands.

Aloysia citriodora is a widely cultivated species in our territory,
although its American origin. It is an excellent organoleptic
aroma and flavor corrector and also used for relieving mental
stress, to aid sleep and for symptomatic treatment of digestive
complaints (Vanaclocha and Canigueral, 2019), being used in teas
and liquors frequently in this area and, for instance, in Cuenca
province (Fajardo et al., 2007).

Sideritis hirsuta (Figure 5) and S. tragoriganum subsp.
tragoriganum are the most used species of this genus in herbal
formulas. Highlighting the high number of genus Sideritis
endemic species in the Southeast of Spain (Rivera and Obon,
1997), only the use of four species and one hybrid was recorded in
this study. These are often used in teas for their medicinal
properties (Obon et al., 2018b; 2018c).

Eryngium campestre roots and aerial parts are collected for use
mainly in herberos. It is considered an essential plant, along with
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D. hispanicus. According to popular knowledge, it is added to
liquors to counteract the toxicity of the Rutaceae plant. When
Dictamnus cannot be found, it is usually replaced by another Ruta
species and the same happens for E. campestre, which can be
replaced by other Umbelliferae species, such as Foeniculum
vulgare subsp. piperitum, Ferula hispanica, F. tingitana, and
Thapsia villosa.

Although irrelevant in terms of frequency, the presence of two
fungi species (Cantharellus cibarius Fr. and Tuber melanosporum
Vittad.) and hen eggs (Gallus gallus (Linnaeus, 1758)) in the
samples is worthy of mention. Mushrooms are used in liquors
within the context of Traditional Chinese Medicine (Mizuno
et al., 1995) and in other cultures such as in traditional medicine
of Madeira (Portugal) (Rivera and Obdn, 1995).

Plant Collection and Conservation Issues
There is a relevant aspect regarding the collection of herbs. Those
liquors that are made from species living far from their homes
and in almost inaccessible places require our informants to travel
great distances and time to get them. In herberos formulations,
Dictamnus hispanicus is the most sought for, but the presence of
other species (Table 7) such as Asperula aristata, A. cynanchica,
Centaurea boissieri subsp. mariolensis, Centaurium quadrifolium
subsp. linariifolium, Chiliadenus glutinosus, Clinopodium
alpinum, Inula montana, Leucanthemopsis pallida, Mentha
aquatica, Saxifraga longifolia, Stachys heraclea, or S.
ocymastrum (Menéndez et al, 2018) depended on the
exhaustive search in the field. Thus, the presence/absence of
such a rare species inform us of the age of liquor since
nowadays they are infrequent and thus no longer available.

Usually, women have been in charge of family health care, and
their presence at home was continuously required, so they could
not be absent from home for a long journey. That is why men are
responsible for making these herbal liquors and therefore, the
transmission of this knowledge is patrilineal, from father to son
(Agelet and Valles, 2001) involving some type of restrictions for
the transmission outside this circuit. For this reason, data
collection has not been easy, because formulas are a familiar
secret and also men refused to give the recipe to a woman. In
other places, such as the Balearic Islands, where the collection of
herbs is limited to family gardens and nearby areas, these
medicinal liquors are made by women, and the transmission is
from mother to daughter.

In different parts of the studied area, we find the same
problems of sustainability for some herbal resources, especially
those from the most endemic and sparse species such as
Dictamnus, Polygonatum, Saxifraga, and Sideritis species,
similarly occurring with Alpine wormwood (Artemisia genipi,
A. glacialis, and A. umbelliformis) (Pieroni and Giusti, 2009;
Cornara et al., 2014).

Dictamnus hispanicus is distributed on the eastern side of the
Iberian Peninsula, but it apparently exhibits a very irregular
abundance, being a globally rare autochthonous species.
According to Anthos (2021), its western Iberian limit reaches
the provinces of Granada, Jaén, Ciudad Real, Cuenca, and
Guadalajara, progressively approaching the sea towards the N,
where it reaches those of Huesca, Lleida, and Girona (Belda et al.,
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2017). However, the presence of the species in one territory does
not suppose the use. In the exhaustive ethnobotanical research in
the upper Guadiana River area (Ciudad Real and Albacete
provinces), D. hispanicus uses were not recorded, neither as a
medicine nor in herbal liquors despite being a relatively abundant
species (Rivera et al., 2019). The elaboration of the herbero has led
to an overcollection of certain species that have seen their biology
modified by a change in the use of the territory. This is the case of
timé real, Dictamnus hispanicus, a species with which the
Torretes Research Station is carrying out a recovery project
(Rios and Martinez-Francés, 2008).

Thymus moroderi appears in the 2008 Red List of the Spanish
vascular flora as “near threatened species” (NT) (Moreno 2008;
Moreno, 2011). The main threat to this species is its collection for
the manufacture of liquor and the preparation of herbal teas, as
well as other local uses. Fortunately, it is a good first colonizer, like
all the thyme in the Pseudothymbra section, which invades
abandoned crops. Flora Protegida (2021) suggests that
collection should be strictly regulated and the diversification of
this activity with other species (T. funkii and T. membranaceus)
(thus adulteration!), as well as establishing a minimum protected
area. Since 2013, some “in vitro” or nursery reproduction projects
have been developed, as it has been the case of Ratdl Agull from
Elche. Cultivation trials are being carried out at the Camp d’Elx,
promoted by the Associacié per al Desenvolupament del Camp
d’Elx (ADR) with the support of the Valencian Institute of
Agrarian Research (IVIA) of the Generalitat. Three farmers
initially offered to plant cantueso, but after the initiative
spread, there are currently seven experimental plantations that
exist in Camp d’Elx, including some 1,500 plants. The project has
also been joined by the company Salas y Sirvent (SYS), which
markets cantueso liquor, and which also has its own plantations
(Marco-Medina, 2010; Macia, 2016).

The Solvents

Currently, the most common maceration bases used are spirits
flavored with aniseed (Pimpinella anisum) or star anise (Illicium
verum) and marketed in local warehouses. There is a multitude of
traditional aniseed preparations distributed throughout the
European continent (France, Italy, Turkey, Greece, etc.) and
the areas under its cultural influence (Central and South
America) (Pielech-Przybylska and Balcerek, 2019).

The Valencian region also participates in this tradition and
there are numerous distilleries that distribute aniseed of various
kinds to herbal liquor makers. These distilleries, almost all, are
located within the point of maximum production of homemade
and traditional herberos (Martinez-Francés and Rios, 2005).
Before the proliferation of distilleries, the use of homemade
alcoholic distillates was very common in mountainous regions.
People took advantage of winemaking residues or the entire
harvest in the highest areas with low-quality wines to produce
their spirits with high ethanol (between 36 and 70°).

The production technology of these spirits is widespread in the
Mediterranean area. It is based on the maceration and/or
distillation or redistillation of alcohol in the presence of seeds
or other plant parts. Natural distilled extracts of anise seeds may
also be added (Pielech-Przybylska and Balcerek, 2019). Currently,
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the origin of the alcohol of this aniseed spirit is molasses (Beta
vulgaris subsp. rapa and Saccharum officinarum) and contains
between 35 and 50% of ethanol in volume (Jurado, 2004)
(although after soaking the herbs this content slightly decreases).

Levantine vineyards are mainly modern. Jumilla or Utiel and
Requena wine regions hardly produced wines for self-sufficiency
until the second half of the 19th century when they became large
wine-producing areas. But there were important and deep-rooted
liquor factories in the Valencian and Murcia regions (Plasencia
and Villaléon, 1999) despite the shortage of vineyards. The
prohibition of this activity in the first half of the 20th century
throughout Spain brought with it the dependence of herbero
makers on legalized distilleries, which probably reduced the initial
diversity of this product. Because home distillation has almost
completely disappeared, many of the samples studied belong to
older people or their descendants, who keep these spirits and
formulas.

The Origins of Liquors Diversity in the Area
The origin of these medicinal wines and liquors is based on the
adaptation of the old herbal teas used to maintain family health to
an extracting and preservative solvent such as wine and spirits.
Better accessibility to medical care and medicines is the turning
point for the abandonment of these practices. In many other
traditional resources, their demise is imminent. This practice of
making medicinal alcoholic beverages has been maintained over
time thanks to its social use in popular festivals and festivities,
although both the formulas complexity and their medicinal
application have been distorted (Martinez-Francés and Rios,
2009). However, Plotkin (2021) in his review underlines the
ancient tradition of macerating herbs in wine for
confectioning medicines that were externally applied or orally
administered by ancient Mesopotamians, Egyptians, or
Phoenicians; thus, part of these formulations may be
independent of herbal teas. Thus, likely herbal teas do not
always preced medicinal wines and liquors, and often it was
the contrary (Obén et al., 2021). Data compiled by Plotkin (2021)
suggest the antiquity of the discovery that hydroalcoholic
extraction improves the extraction of active compounds and
thus the effectiveness of the medicine and it should have been
the main reason for macerating herbs in wines and beers, no
matter these were topically or orally administered.

The daily intake of alcohol among the population increased
associated with greater availability of distillates. At the end of the
19th century and the beginning of the 20th century, wine was a
cheap product and its consumption was within the reach of any
economy (Beneito-Lloris, 2003). The workers drank large
amounts of wine during meals and drank also herbal liqueurs
before and after work. Many mothers had some homemade
healing and restorative remedies that were often given to
children when they were ill, which were made with an
alcoholic base. The population drank spirits or other alcoholic
beverages while fasting, practice to which preventive and
purifying powers were attributed (Beneito-Lloris, 1993, 2003).

In Alpine regions, we find similarities in this resource and its
evolution. There, these homemade liqueurs reflect an ancient use
of these products that shifted from medicine towards liquors

Traditional Herbal Wines and Liquors

when improved economic conditions enabled rural communities
to have at their disposal larger amounts of industrial alcohol
(Pieroni and Giusti, 2009).

Liquor Types and Relationships With
Industry and Other Traditions

Wine preparations are the first step between tisanes and
herbal hydroalcoholic macerates. Presently, recipes with
wine are rare in folk medicine, mainly in areas where
homemade liquor production predominates. But some
essential species remain in medicinal wine preparations,
both in simple formulas with Aloysia citriodora, Artemisia
absinthium, A. arborescens (De Natale and Pollio, 2007;
Fajardo et al., 2007; Obon et al, 2018a), Cinchona
officinalis, Centaurium quadrifolium subsp. linariifolium,
Cydonia oblonga, Foeniculum vulgare, Juglans regia,
Prunus sp. pl., Rubus ulmifolius, Sambucus nigra, and
Sorbus domestica or complex formulas (Pollio et al., 2008),
many of them, flavored with spices. In the present study, we
have compiled 64 recipes involving maceration in wine. More
than 50% correspond to well-known walnut wine (J. regia),
distributed practically throughout the territory studied.

The production of homemade spirits has practically
disappeared, but the older informants keep their copper
alembics, the witness bottles, and the knowledge about
their elaboration (Figure 2). They have been made
throughout the territory. The accessibility to buy these
spirits in nearby warehouses and the state persecution
given its illegality have favored this abandonment. We
recorded 33 samples of these homemade spirits of high
graduation. These have been made mainly with the
remains of the pressing of grapes (Vitis vinifera) or with
the whole harvest due to its low production and quality in
mountainous areas. Special mention for spirits made with
surpluses from other crops such as Cucurbita moschata and
Ficus carica. Due to the harsh taste of these spirits, in many
cases, they have been rectified with anise-like flavorings as
Dictamnus hispanicus, Foeniculum vulgare, Pimpinella
anisum, and Ruta sp. pl. and with citral-like flavorings as
Aloysia citriodora, Citrus x limon, C. x sinensis, and Melissa
officinalis. Other simple liquors, generally with less alcoholic
and aniseed spirits, are made with species of genres such as
Clinopodium, Mentha, Myrtus, Rosa, Rosmarinus, Salvia,
Thymus, and Syringa.

In Mallorca (Balearic Islands), a myrtle liquor (Mpyrtus
communis) is done (Tardio et al, 2018), sometimes with
flowers and leaves and others with fruits and taken as
antidiarrheal and digestive. Berries of M. communis are used
to produce a sweet myrtle liqueur in Sardinia through their
infusion in spirit during 2weeks (with 40% of ethanol in
volume) (Correddu et al., 2019).

Ratafia is a liquor that follows the preparations mentioned in
Tarragona and that extends to the north of Catalonia and
Andorra (Table 11). It seems to be the union of two herbal
traditions: on the one hand, the walnut fruit liquor accompanied
by spices and other species included in the treatise of
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Charlemagne (closer to monastic medicine) and on the other, the
herbs used in popular medicine, some of them endemic. Recipes
vary from simple (one to five plants) to very complex (up to 80
plants) and are claimed to be digestive and useful in gynecological
disorders (Agelet and Valles, 2001; Bonet and Valles, 2002;
Parada et al., 2011).

Other traditional aniseed spirit base elaborations, mainly with
fruits, share space with herbal wines and liquors, although in this
area, they are relegated to the background. More than one
hundred formulas of fruit spirit type have been collected, of
which 65% belong to Valencia region, 10% to Catalonia, and 8%
to Castilla-La Mancha and Aragon, respectively. The main fruits
used belong to the following species: Arbutus unedo, Coffea
arabica, Cucumis sativus, Cucumis melo subsp. flexuosus,
Juniperus communis, Malus domestica, Prunus avium, P.
cerasus, P. domestica, P. dulcis, P. persica, P. spinosa, and
Rubus ulmifolius. One of the most popular fruit spirits is that
obtained with P. spinosa, and also its Navarrese name “patxaran”
is well-known everywhere (Cavero et al., 2011). Liquors made
with fruits actually are increasing between nouvelle makers in
most of the regions where it grows.

In other areas of Spain, such as Cuenca, the inhabitants of the
sierra collected various types of wild fruits to sell them to liquors
industries, especially juniper (J. communis) and blackthorn
(Crataegus). In parallel, the preparation of Pacharan with the
fruits of Prunus spinosa is common. In this area, homemade
liqueurs are prepared with a spirit base in which various herbs,
spices, and/or fruits are macerated (Fajardo et al., 2007). The
most characteristic liquor of Cuenca is the resoli that has different
forms of preparation and formulas, often secret; one of them is
with orange peel, aniseed, cinnamon bark, clove, river tea
(Mentha aquatica), pennyroyal (M. pulegium), coffee grains,
sugar, and grape pomace (Fajardo et al., 2007). The use of
these liquors is as a digestive. Liqueurs made with various
fruits, plums, cherries, blackberries, or walnuts, are common
in Albacete. They are usually prepared with wine spirit and
sugar and it is common to let them marinate for a minimum
of 6 months (Rivera et al., 2006).

The number of ingredients is extremely variable, under the
type of liquor known as ratafia, and similarly, in the herberos
type, we can find simple formulas with three ingredients and
others with increasing complexity, with over 40 ingredients.
Bonet and Valles (2002) recorded 80 ingredients at Montseny
in Barcelona province within a ratafia type. In our study of herbal
liquors, the most frequent is the single ingredient one, followed at
a distance by that of two (Figure 3). Then there is a decrease in
frequency as the number of ingredients increases, but presenting
saw teeth that coincide with the odd numbers.

The odd numbers’ superstition presents different forms; in
Europe, a tradition that goes back to the Roman authors Virgil
and Pliny and to the Pythagorean doctrine says that odd numbers
bring good fortune (Schimmel, 1993). For ancient Romans, odd
numbers are finite, complete and absolute, and opposed to even
numbers that are imperfect and unlimited (Schimmel, 1993).
From the data collected during the fieldwork, the persistence of
this traditional belief that associates luck to odd numbers is
evident. This concept, which is widespread in the folk medical
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practices of the Mediterranean area, is transferred in this case to
the number of plants or the number of countable parts of the
plants in the herbal formulas.

The Medicinal Role of Liquors

Diseases associated with high morbidity and mortality rates
marked the public health history of eastern Spain. Between the
17th and 19th centuries, epidemics (tertian fevers, typhus,
cholera, plague, and yellow fever) caused high mortality in
eastern Spain. During the 20th century, influenza and
tuberculosis, typhoid fever, and malaria were common.
Infectious, parasitic, and digestive diseases were the main
cause of mortality followed by respiratory diseases, all this
associated with hygienic, sanitary, and, on many occasions,
poor nutritional conditions (Beneito-Lloris, 1993; Fresquet
et al., 1994; Bernabeu-Mestre, 2004).

There is fragmentary evidence that suggests a direct
relationship between specific locally prevalent pathologies and
the elaboration of determined herbal mixtures to be consumed in
form of teas, decoctions, or hydroalcoholic extracts obtained by
maceration. This connection is attributed to the different active
compounds provided by the herbal ingredients (Atoui et al., 2005;
Carmona et al., 2005; Egea et al., 2015; Egea et al., 2016; Obon
et al., 2014; Obén et al., 2021).

Traditional herbero complex formulations try to respond
to these pathologies, in such a form that they can be
geographically grouped by territories (Table 9) with a
relationship with the locally prevalent diseases (Martinez-
Francés and Rios, 2009).

Cinchona and Artemisia preparations (absinthe and
vermouth) have been widely recorded until today in lowland
areas with wetlands where malaria was prevalent until 1964, as
being commonly consumed, while other herbal liquor and wine
preparations are more common in mountain areas where malaria
was less frequent. Absinthe and vermouth have been consumed in
areas near the mouths of large rivers, inland deltas, small lagoons,
and marshes, mainly located in Tarragona province (Catalonia)
and Castellon and Valencia provinces (Valencia region) (Fresquet
et al.,, 1994; Martinez-Francés and Rios, 2005).

Complex herbal and cinchona preparations in Balearic
Islands have been consumed to combat recurrent diarrhea
and dysentery, due to the biological contamination of their
drinking waters, and also malaria. It is important to note that
these islands have not permanent watercourses and the water
for consumption and irrigation comes from groundwater
because the predominance of limestone favors infiltration
(Carrid et al., 2012a; 2012b).

In the Ports Mountains (Tarragona) and overlapping with
southeastern Aragon (Teruel province), two particular liquors,
gitam and beatamaria, have been recorded as used in the
treatment of women disorders. The first is elaborated with
Dictamnus hispanicus and the second is with Polygonatum
odoratum. These two plants, of scattered and sparse
distribution, but with numerous active substances (Lin et al,,
1994; Martinez-Francés et al., 2015; Martinez-Francés et al,
2018a; Martinez-Francés et al., 2018b), are praised by the
locals. In the case of P. odoratum, bottles are transmitted in
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families to the next generation as a heritage that is linked to their
identity and popular wisdom (Martinez-Francés et al., 2018b).

CONCLUSION

Most of the 569 formulas recorded are recognized in the
communities to be medicinal. Almost 87% of the recorded
formulations are reputed as digestive and are consumed as
such. However, most herbal liquors are mainly consumed in
social events. Other medicinal uses recorded are as a tonic or to
improve their mood, appetite stimulant, antidiarrheal (especially
Balearic herberos), or emmenagogue (notably beatamaria).

We compiled an inventory of 215 taxa from 56 families, where
212 are plants, two are fungi, and two are animals. Most are local
wild species (60%), followed by cultivated and only a few are
imported (6%). The proportion of imported species differs along
the types and styles recorded.

Aerial parts are the most frequently used plant parts followed
by leaves, flowers, and fruits. Lamiaceae is by far the most widely
represented plant family in terms of species but slightly surpassed
by Rutaceae in the percentage of samples. This is due to the
regional relevance of Dictamnus hispanicus, Ruta sp. pl., and
Citrus species.

Among the 569 formulas and/or samples of wines, spirits, and
liquors studied, 423 are uniquely differing in their combination of
ingredients. However, these could be classified, according to their
solvent and herbal ingredient composition into twenty main
types among which for their cultural relevance can be
highlighted: beatamaria, cantueso, gitam, herbero, ratafia,
resoli, and salvieta. Their relative frequencies and distribution
in the different regions show peculiar patterns linked to the
different cultural traditions and diverse resources availability.

Complex formulations with over 40 ingredients coexist with
others simplest with only one single herbal ingredient. But, in the
almost 15years of this study, we have recorded an
impoverishment of a 70% in the diversity of plant ingredients
of the formulas and, also, the loss of medicinal uses. The main
causes of the partial loss of this knowledge are diverse:
improvement of hygiene, nutrition, and the health system;
change or loss of rural exchanges; production of homemade
distillates illegalization; intergenerational transmission of
medicinal knowledge failure; and overexploitation of some
resources making their collection difficult.

We collected 186 complex herbal formulas mainly in Valencia
region and Balearic Islands, typified as herbero, of which 88% are
from the different mountainous areas of the Valencian region
where Dictamnus hispanicus is prevalent. The Balearic formulas
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The leaves of Neolamarckia cadamba (NC) (Roxb.) Bosser (family: Rubiaceae) are
traditionally used to treat breast cancer in Malaysia; however, this traditional claim is
yet to be scientifically verified. Hence, this study was aimed to evaluate the anticancer
effect of NC leaves’ ethanol extract against breast cancer cell line (MCF-7 cells) using an
in vitro cell viability, cytotoxicity, and gene expression assays followed by the gas
chromatography analysis to further confirm active principles. Results revealed 0.2 mg/
ml as the half maximal inhibitory concentration (ICsq) against MCF-7. The extract exerted
anticancer effect against MCF-7 cells in a dose- and time-dependent manner. The cell
cycle assay showed that the extract arrested MCF-7 cells in the GO/G1 phase, and
apoptosis was observed after 72 h by the Annexin-V assay. The gene expression assay
revealed that the cell cycle arrest was associated with the downregulation of CDK2 and
subsequent upregulation of p21 and cyclin E. The extract induced apoptosis via the
mediation of the mitochondrial cell death pathways. A chromatography analysis revealed
the contribution of D-pinitol and myo-inositol as the two major bioactive compounds to the
activity observed. Overall, the study demonstrated that NC leaves’ ethanol extract exerts
anticancer effect against MCF-7 human breast cancer cells through the induction of
apoptosis and cell cycle arrest, thereby justifying its traditional use for the treatment of
breast cancer in Malaysia.

Keywords: Neolamarckia cadamba, breast cancer, gas chromatography, gene expression assay, mechanisms of
action, in vitro anticancer

INTRODUCTION

Breast cancer is the most commonly occurring cancer in women and the second most common cancer
overall in terms of fatality after lung cancer (Bray et al., 2018). The rate of breast cancer patients’ cases is
increasing every year, both in developed and developing countries (Torre et al,, 2015). It is estimated
that 26 million new cancer cases and 17 million cancer deaths are likely to occur per year globally by
2030 (Thun et al., 2010). In Asia alone, the incident from 2008 to 2030 is estimated to increase from 6.1
to 10.7 million cancer cases and 4.1 to 7.5 million deaths (Sankaranarayanan et al., 2014). Malaysia is
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one of the Asian countries with an increased prevalence of breast
cancer cases (Azizah et al, 2016), affecting both genders but
increased exponentially with age in women and thus accounted
for the leading cause of cancer-related deaths among women in
Malaysia (Lukong, 2017). Surgery, radiotherapy, chemotherapy,
hormonal therapy, and gene-targeted therapy have been greatly
used in treating breast cancer patients. The advances of current
treatments and detecting methods have contributed to the
increased survival rate (Blumen et al, 2016). Unfortunately,
these treatments cause short-term and long-term side effects for
the patients. Moreover, studies have demonstrated that the burden
of the cost related to cancer treatment is uncharacteristically rising
(Blumen et al., 2016; Trogdon et al., 2017). Therefore, using natural
sources as alternative, effective, and non-invasive entities to treat
cancer is warranted.

According to the World Health Organization (WHO), many
countries, including developing countries, still use plants and
natural source-related products for therapeutic purposes (Rayan
etal.,, 2017). About 60% of anticancer agents have been originated
from the natural sources globally (Newman and Cragg, 2016).
The nature-derived compounds are readily available, generally
more tolerated, and considered non-toxic to normal human cells
(Shah et al., 2013).

Neolamarckia cadamba (Roxb.) Bosser (family: Rubiaceae) is a
tree that is traditionally used for the treatment of various illnesses.
This underexplored evergreen tropical plant has been widely used
in the Ayurvedic medicine system of India in treating eye
infection, skin diseases, dyspepsia, gum-related troubles,
stomatitis, cough, fever, anemia, blood disorders, and stomach

ache (Dubey et al., 2011; Pandey and Negi, 2016). In addition, the
leaves of this plant have been shown to possess several
pharmacological properties, including antioxidant (Kaur and
Kumar, 2011; Chandel et al., 2012), antidiabetic (Ahmed et al.,
2011), antitumor (Dolai et al, 2012), anti-inflammatory,
antipyretic, analgesic (Mondal et al, 2009), antimicrobial
(Rafshanjani et al., 2014), and anticancer effects (Singh et al.,
2013). Furthermore, the N. cadamba leaves have also been used as
a topical application to treat breast cancer. However, this
traditional application has never been scientifically investigated
to verify its anticancer effect. Therefore, the main purpose of the
study was to evaluate the anticancer effects of N. cadamba leaves’
extract on breast cancer cell line (MCF-7) with emphasis on the
mechanism of action, that is, apoptosis induction and cell cycle
arrest. The characterization of N. cadamba leaves’ extract was also
carried out using a gas chromatography-mass spectrometry
(GCMS) approach to identify bioactive compounds.

Novelty

1. It is the pioneer study highlighting the anticancer effect of
Neolamarckia cadamba (Roxb.) Bosser leaves’” ethanol extract
on breast cancer cells for the first time.

. Neolamarckia cadamba leaves’ ethanol extract showed dose-
and time-dependent anticancer effects.

. Treated cells were arrested in the G1 phase and underwent
apoptosis via the mitochondria pathway.

. Findings of this study further support the traditional use of
Neolamarckia cadamba (Roxb.) Bosser leaves as an anticancer
agent in the treatment of breast cancer.
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MATERIALS AND METHODS

Materials and Chemicals

The GCMS reagents were purchased from Sigma-Aldrich,
United States (Pyridine and N-Methyl-N-(trimethylsilyl)tri-
fluoroacetamide-MSTFA) and  Supelco, United  States
(methoxyamine HCI). The normal human fibroblast (HDF) and
human breast adenocarcinoma (MCEFE-7) cells were obtained from
American Type Culture Collection (ATCC), United States. All cells
were maintained in complete growth medium (CGM) consisting of
Dulbecco’s modified Eagle medium (DMEM) (Nacalei Tesque,
Japan), 10% fetal bovine serum (Nacalei Tesque, Japan), and 1% of
penicillin-streptomycin (Nacalei Tesque, Japan). The phosphate-
buffered saline (PBS) from Gibco, United States, was used for cell-
washing purposes. Reagents for apoptosis (Nexin reagent) and a
cell cycle reagent were purchased from Merck Millipore,
United States. Kits used for the mRNA analysis were purchased
from Analytik Jena, Germany (InnuPREP DNA/RNA mini kit),
BIOLINE, United Kingdom (SensiFAST cDNA synthesis and
SensiFAST SYBR® No-ROX kits), and Integrated DNA
technologies, Singapore (primer).

Preparation of Neolamarckia cadamba
Leaves’ 80% Ethanol Extract (NC)

Fresh leaves of N. cadamba were collected from Balok, 25200
Kuantan, Pahang DM, Malaysia, and deposited (voucher
specimen #: PIIUM 0266) in the Herbarium, Kulliyyah of
Pharmacy, IIUM, Malaysia. The leaves were prepared
according to the previous method (Liu et al., 2017) with
slight modification. The leaves were washed and air-dried.
The dried leaves were pulverized and soaked in 80% ethanol
three times using an ultrasonic sonicator. The extract was
filtered, concentrated by a rotary evaporator, and freeze-
dried. It was stored at —20°C until further usage. The extract
was dissolved in 80% ethanol to obtain a stock solution of
100 mg/ml. Working solutions were prepared fresh from
ethanol stock in the DMEM medium by serial dilutions. The
solutions were then filtered with a sterilized 0.22 pl syringe filter
before being used in an in vitro assay.

Gas Chromatography-Mass Spectrometry
(GCMS) Analysis of NC

Derivatization of the samples was performed for the GCMS
analysis following the method described (Liu et al., 2017).
Briefly, about 50 pl pyridine, 100 pl of methoxyamine HCI
(20 mg/ml in pyridine), and 300 ul of MSTFA were added to
the extract. The extract solutions were filtered and covered
with aluminum foil to be left overnight at room temperature
before the analysis. The GCMS analysis was carried out using
GCMS-TQ8040 (Shimadzu, Japan), where the analysis was
carried out using a DB-5MS 5% phenyl methyl siloxane
(30mm x 0.25mm, id. x 0.25pum thickness). The initial
oven temperature used was set to 50°C for 5 min and raised
to 200°C at the rate of 5°C/min and held for 5min before
reaching the target temperature of 300°C at the same rate. The

Anticancer Activity of Neolamarckia cadamba

carrier gas applied was helium with a flow rate of 1.0 ml/min,
while the injector and detector temperature were set up to 250
and 280°C, respectively. Full-scan mass spectra were retrieved
by setting parameters ranging from 50 to 550 m/z. The
chromatograms of the compounds were compared to the
database of the National Institute of Standards and
Technology (NIST) 2014.

Effect of NC on Cell Viability of MCF-7 and
HDF Cell Growth

All cells were maintained in a sterilized environment set to 37°C
with 5% CO, humidified atmosphere. The cell viability of NC-
treated cells was measured using the trypan blue exclusion
(TBE) method as previously described (Hsieh et al., 2005). In
determining the median concentration of NC on MCF-7 cells,
the cells were seeded at 4.7 x 10* cells/ml in 6-well plates. After
overnight, different concentrations of NC prepared by serial
dilution (500.0, 250.0, 125.0, 62.5, 31.3, 15.6, 7.8, 3.9, 1.95, and
0.9 pg/ml) were added to MCF-7 cells and kept for 72 h before
performing cell density evaluation using TBE. MCF-7 cells were
exposed to NC for 24, 48, 72, and 96 h prior evaluation with the
TBE assay to determine the MCEF-7 growth exposure with NC.
The cytotoxicity of NC against normal HDF cells, which were
cultured at 5.0 x 10* cells/ml in 6-well plates, was determined
by examining the ICs, value of NC after 72 h. The untreated
cells were not exposed to NC and were used as a negative
control.

Cell Cycle Analysis

MCEF-7 cells collected from the well were prepared in triplicate
prior to staining with the cell cycle reagent (Guava Cell Cycle
Reagent), following the manufacturer’s instructions. The PI-
stained cells were observed using a Guava EasyCyte flow
cytometer system (Hsich et al., 2005).

Apoptosis Analysis Using Annexin V

Briefly, MCF-7 cells were exposed to NC for 72 h. The collected
cells were treated with the FITC Annexin-V Apoptosis
Detection Kit I, following the manufacturer’s instructions.
The cells were treated with 1x binding buffer, FITC Annexin-
V, and propidium iodide (PI) before their application to the
Guava easyCyte flow cytometer system (EMD Millipore, Germany)
(Hsieh et al., 2005).

Real-Time Quantitative PCR Analysis of

Target Genes

The quantification of the mRNA expression of the targeted
primer mRNA corresponding to apoptosis, cell cycle, and
metastasis was carried out following our previously published
study (Strober, 2015). Briefly, the RNA extraction kit was used
to extract the total RNA from the plant treated and non-treated
MCEF-7 cells after 72 h. The RNA’s purity and integrity were
evaluated prior to complementary DNA (cDNA) synthesis. The
cDNA was prepared using a cDNA synthesis kit with 200 ng of
RNA template following the manufacturer’s instructions.
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TABLE 1 | Putative compounds in NC leaves’ extract identified by GCMS.

Anticancer Activity of Neolamarckia cadamba

No. Retention time Name of compound Area % Similarity index
1 14.25 Phenol, 2,4-bis(1,1-dimethylethyl)- 0.21 93
2 16.08 Levoglucosan 0.23 91
3 20.36 B-D-(+)-Talopyranose 0.38 92
4 20.78 D-pinitol 14.18 86
5 20.98 Hexadecanoic acid 0.52 91
6 22.13 Myo-inositol 7.98 90
7 23.22 Oleic acid 0.66 89
8 23.48 Octadecanoic acid 0.43 90

Primers were selected from the National Centre for Biotechnology
Information (NCBI) database based on the criteria listed below.

i. Melting temperature, Tm (59-65°C)
ii. Amplicon size (70-150 bases)
iii. Forward and reverse primers
junctions)
iv. Primer’s 3’ end with a C or G residue
. GC content (40-60%)
vi. Primer’s sequence (18-25 nucleotides)

(spanning exon-exon

The PCR amplifications were conducted using SYBR green in
CFX96 Touch™ Real-Time PCR (Bio-Rad, United States). The
efficiency of the primer PCR was evaluated using 1:10 serial
dilutions of the c¢DNA sample. The standard curve’s
amplification efficiency (E) range was set between 93.5 and
115.4%, while the correlation coefficients (R2) ranged from
0984 to 0.998. The optimized parameters of the
amplifications include 2min at 50°C, 10 min at 95°C, 45
cycles of 15s at 95°C, and 1 min at 60°C. The CFX Manager
Software was used to analyze the results obtained by applying
threshold cycle (CT) values. The reference genes used were
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
B-actin (ACTB). The primers’ detailed information
displayed in Supplementary Table S1.

is

Statistical Analysis

Statistical and the ICsy values’ (half maximal inhibitory
concentration) calculations were carried out using GraphPad
Prism software version 6. The cytotoxicity data were analyzed
using multiple #-tests. The flow cytometry analysis and gene
expression data were determined using multiple ¢-tests
(Holm-Sidak method). All data were displayed as mean +
SD (standard deviation). * Signifies the significant difference
when p < 0.05.

RESULTS

Gas Chromatography-Mass Spectrometry
Analysis of NC

Table 1 presents the putative compounds detected in the NC
leaves’ 80% ethanol extract. The metabolites with the similarity
index (SI) of more than 85% based on the National Institute of
Standards and Technology (NIST) 14 database can be regarded

as the putative compounds. The chromatogram showed
the highest peak area corresponding to D-pinitol, followed by
myo-inositol, oleic acid, hexadecanoic acid, and octadecanoic
acid.

Breast Cancer Cells (MCF-7) Viability After

NC Treatment

The inhibitory activity of NC leaves’ 80% ethanol extract was
investigated against MCF-7 cells. The cell viability was directly
tested using the trypan blue exclusion assay method where the
dead cells were stained blue. Figure 1A shows the
antiproliferative activity of NC leaves’ 80% ethanol extract on
MCEF-7 cells after 72 h of incubation. The finding revealed an ICs,
0f 206.0 + 3.4 pg/ml. Cell viability was found to decrease with the
increasing concentration of the extract used. Figure 1B
demonstrates the ICs, value of NC to inhibit MCF-7 growth
with cell viability percentage difference between NC and UT by
6.3, 12.2, 23.1, and 35.4% at 24, 48, 72, and 96 h, respectively.
From the findings, it can be seen that the NC inhibition effect on
MCE-7 growth increased over time. Figure 1C depicts the image
of MCEF-7 cells treated with NC in comparison to the untreated as
a control. The image shows the cells exhibiting a distinguished
plasma membrane with intact nuclei, and cells were seen to grow
adjacent to the neighboring cells in a monolayer. Most of the cells
were attached to the tissue culture plate. In contrast, cells treated
with NC extract for 72 h showed apoptotic-like features including
cell rounding, loss of contact with the adjacent cells, cell
shrinkage, and formation of apoptotic bodies. Figure 1D
presents the viability of normal HDF cells exposed to NC
leaves’ 80% ethanol extract for 72h. The graph reveals that
NC leaves’ 80% ethanol extract had slight toxicity on HDF
cells by inhibiting cell growth by 19.5% when compared to
UT. Overall, the NC ethanol extract exhibited a concentration
and time inhibition pattern related to the MCF-7 cell growth and
slight toxicity on normal HDF cells. ICs, obtained was used for
further investigation in this study.

Cell Cycle Analysis of NC Against MCF-7
Cells

To understand the growth inhibition found earlier, NC leaves’
80% ethanol extract-treated MCF-7 cells were subjected to cell
cycle analysis with UT serving as control. Figure 2A
demonstrates MCF-7 cells treated with NC leaves’ 80%
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FIGURE 1 | Effect of NC leaves’ 80% ethanol extract on MCF-7 cell
viability. (A) The median concentration of MCF-7 treated with NC leaves’ 80%
ethanol extract for 72 h. (B) Antiproliferative effect of NC leaves’ 80% ethanol
extract at 24, 28, 72, and 96 h with untreated cells (UT) as controls. (C)
Image of MCF-7 cells with NC leaves’ 80% ethanol extract treated and
untreated at 72 h. (D) Cytotoxic effect of NC leaves’ 80% ethanol extract
median concentration on normal human dermal fibroblast (HDF) cells at 72 h
incubation. The results presented as mean + SD (n = 3) (bar graph = 25 pm). *
indicates p < 0.05.

ethanol extract and UT DNA histogram at 72 h of incubation,
which indicates that NC leaves’ 80% ethanol extract exerted
MCEF-7 arrest in G1/GO compared to UT. Figure 2B shows
the proportion of cells according to cell cycle phase from
Figure 2A. The graph reveals that NC leaves’ 80% ethanol
extract significantly induced G1/GO arrest in MCEF-7 cells
evidenced by the increase of cell population by 22.9% in G1/
GO and simultaneous decrease of G2/M by 21.9% compared
to UT.

Apoptosis Analysis of NC Leaves 80%
Ethanol Extract Against MCF-7 Cells

As evidenced earlier, NC leaves’ 80% ethanol extract showed
growth inhibition and cell death; hence, further investigation was
conducted to evaluate the possibility of cells to undergo apoptosis
using flow cytometer analysis. The Annexin-V assay helped to
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FIGURE 2 | Effect of NC leaves’ 80% ethanol extract on the MCF-7 cell
cycle. (A) Representation of DNA histogram of NC leaves’ 80% ethanol
extract-treated cells, with UT as control at 72 h of incubation. DNA histograms
display cell cycle phases of treated cells, namely, G1/GO0, S, and G2/M

(n = 3). (B) The proportion of cells according to the cell cycle phase are
presented in percentage mean + SD (n = 3). * indicates p < 0.05 concerning
untreated.

differentiate individual cells in live, early apoptotic, late apoptotic,
and necrotic quadrants following 72h of NC leaves’ 80%
ethanol extract treatment to MCF-7 cells. Figure 3A shows
MCE-7 cells, NC leaves’ 80% ethanol extract-treated cells, and
UT dot plot distribution in quadrants. The Annexin-V assay
revealed that NC leaves’ 80% ethanol extract-treated cells induces
early and late apoptosis by 12.0 and 32.1% compared to UT. On
the contrary, UT cells are majorly located in the live quadrant.
Figure 3B demonstrates the proportion percentages of apoptotic
(early and late apoptosis) and live cells of NC leaves’ 80% ethanol
extract-treated and UT MCEF-7 cells. The proportion of apoptotic
percentage from NC leaves’ 80% of ethanol extract-treated cells
was significantly higher by 44.3% compared to UT 8.6%, while the
proportion of live cells percentage was higher in UT MCF-7 by
91.5% than in NC-treated cells by 65.7%.

Effects of NC Leaves’ 80% Ethanol Extract

on Gene Expression of MCF-7

A deeper investigation was further performed to investigate gene
expression of NC leaves’ 80% ethanol extract supplement to
MCEF-7 cells with regards to cell cycle arrest and apoptosis
induction. Five genes related to apoptosis were measured
for their expressions through the qPCR assay viz. Bax, Bcl-2,
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FIGURE 3 | Effect of NC leaves 80% ethanol extract on MCF-7 cells. (A)
Representation of dot plot distribution of cells in living, death, and early and
late apoptosis quadrants of MCF-7 cells treated with NC leaves 80% ethanol
extract at 72 h with UT as control (n = 3). (B) The proportion percentages
of apoptotic (early and late apoptosis) and live cells are presented as
percentage mean + SD (n = 3). * indicates p < 0.05 concerning untreated.

caspase-9, caspase-7, and cytochrome c. The expression of cell
cycle-related genes on MCF-7-treated cells with a growth arrest
at the GO/G1 phase, cyclin E, CDK2, and p21 were studied.
Figure 4 shows that upon NC leaves’ 80% ethanol extract
treatment, the expression of cyclin E and p21 were found to
be upregulated with 1.6 + 0.54 and 1.7 + 0.02 folds, respectively.
Meanwhile, CDK2 was downregulated with 0.9 + 0.07 folds. From
this result, the upregulated expression of p21 in NC-treated cells
indicates that the p21 inhibits the activity of CDK2 and cyclin E
catalytic complex formation which blocks the progression to the
next stage of the cell cycle.

In Figure 5A, Bax (proapoptotic) and cytochrome ¢ were
downregulated by NC leaves’ 80% ethanol extract by 2.1 + 0.07-
fold and 5.1 + 0.42-fold, respectively, whereas Bcl-2 was
downregulated by 0.9 + 0.04-fold. Meanwhile, in Figure 5B
caspase family (caspase-9 and caspase-7) expressions were
upregulated with NC leaves’ 80% ethanol extract treatment by
3.1 £ 0.65 and 1.8 + 0.19-fold, respectively. The upregulation of
Bax, cytochrome ¢, and caspases family corresponded with the
downregulation of Bcl-2 gene, suggesting that NC extract
treatment lowered cell survival and induced apoptosis via the
intrinsic mitochondrial pathway.
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FIGURE 4 | Effect of NC leaves 80% ethanol extract on cell cycle-related
gene expression upon treatment with ICsq for 72 h. Relative expression for
cyclin E, CDK2, and p21 were calculated by measuring the fold change with
GAPDH and p-actin as reference genes in untreated cells (the ratio was
equal to 1). Data presented in mean + standard deviation of triplicates of the
experiment. * indicates a significant difference when p < 0.05.

DISCUSSION

Throughout the whole world, breast cancer is affecting women the
most compared to other types of cancers with a high incidence and
mortality rate (Harbeck et al., 2019; Lin et al., 2019). Additionally,
there are some undocumented and unverified claims for N.
cadamba leaves that it is used to treat breast cancer in different
parts of Malaysia; however, no scientific study using breast cancer
cell lines has ever been carried out to confirm its potential in the
management of breast cancer. Hence, this study was performed to
verify N. cadamba leaves’ extract as a potential anticancer agent
with minimal toxicities. In this study, NC leaves’ 80% ethanol
extract was initially characterized with GCMS and then assessed for
its in vitro anticancer properties and mechanism of action using
MCEF-7 cells. Phytochemical characterization of NC leaves s 80%
ethanol extract through the GCMS analysis identified eight
putative bioactive compounds including D-pinitol, myo-inositol,
oleic acid, hexadecanoic acid, octadecanoic acid, P-D-
(+)-talopyranose, levoglucosan, and phenol, 2, 4-bis(1,1-
dimethylethyl).

Among the compounds, D-pinitol (6-methoxycyclohexane-
1,2,3,4,5-pentol) was found to be the most abundant one.
D-pinitol is a natural, sugar-like cyclitol, a cyclic polyol found
in a variety of plants including soybean and has been reported to
exert diverse biological activities particularly antioxidant,
antiviral, antidiabetic, anti-inflammatory, and anticancer.
D-pinitol has been reported to inhibit prostate cancer
metastasis through the inhibition of aVP3 integrin by
modulating FAK, c-Src, and NF-kB pathways (Lin et al,
2013). Furthermore, a study revealed that d-pinitol was able to
induce apoptosis in MCF-7 by upregulating Bax and
downregulating Bcl2 expressions. It was also demonstrated
that D-pinitol promoted apoptosis in MCF-7 cells via
induction of p53 and Bax and inhibition of Bcl-2 and NF-xB
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FIGURE 5| Effect of NC leaves 80% ethanol extract on apoptosis-related gene expression upon treatment with ICs for 72 h. Relative expression for (A) Bcl-2, Bax,
and cytochrome ¢, and (B) caspase-9 and caspase-7 were calculated by measuring the fold change with GAPDH and p-actin as a reference gene in untreated cells,
whose ratio was equal to 1. Data presented in mean + standard deviation of triplicates of the experiment. * indicates a significant difference when p < 0.05.

(Rengarajan et al., 2014). Myo-inositol, the next most abundant The results showed that the population of MCF-7 cell lines was
bioactive compound in N. cadamba leaves’ extract, has been  reduced to 50% from 100% of viable cells. NC extract exhibited a
earlier isolated from fresh samples of Cosmos caudatus Kunth  growth inhibitory effect toward MCF-7 in a concentration- and

(Javadi et al., 2015) and Sapindus mukorossi Gaertn (Liu et al,  time-dependent manner in which the percentage of viable cells
2018). Myo-inositol has been currently used clinically to treat  decreased in correspondence with the increase of NC extract
polycystic ovary syndrome (PCOS) (Artini et al., 2013). concentration. Different bioactive compounds were reported in

Hexadecanoic acid was identified in our study as another  N. cadamba leaves using different solvents and associated with
bioactive compound, and identified earlier from methanol  various biological activities, including antioxidant, anticancer, or
(44.88%) and hexane (17.96%) extracts of N. cadamba leaves. antitumor activity (Zayed et al., 2014). Sun and Hai Liu (2006)
Additionally, octadecanoic acid was also found in methanol, ethyl ~ described that the existence of different components in the
acetate, chloroform, and hexane extract (Zayed et al., 2014).  natural sources may produce additive and synergistic effects
N-hexadecanoic acid found in Kigelia africana subsp. africana  rather than a single effect. The biochemical and different
(syn. Kigelia pinnata) leaves had caused cytotoxicity in HCT-116 ~ morphological changes such as cell shrinkage, cell blebbing,
cell lines (Ravi and Krishnan, 2017). Moreover, octadecanoic acid ~ the formation of apoptotic bodies, nuclear condensation, and
has induced apoptosis in breast cancer cells (Evans et al., 2009). =~ DNA fragmentation are the hallmarks of apoptosis (Ouyang
Oleic acid found in almond oil (Prunus dulcis (Mill.) D. A.Webb) et al, 2012). The apoptotic-like features of MCF-7 cells were
has displayed antiproliferative and anticancer effects on colon  observed under a phase-contrast inverted microscope. Cell
carcinoma cells (Mericli et al., 2017). Meanwhile, the ability of = rounding, cell shrinkage, membrane blebs, loose contact with
phenol, 2,4-bis(1,1-dimethylethyl) compound docked with Bcl-2 ~ adjacent cells, the formation of apoptotic bodies, and cell
showing low binding affinity (7.4 kcal/mol) after caryophyllene  vacuolization were seen in the treated MCF-7 cells. The
compound (-7.5 kcal/mol) indicated the potential of Solanum  appearance of apoptotic cell features has also been reported in
trilobatum L. extract compounds as a potent anticancer agent ~ MCEF-7 cells treated with rapamycin under inverted microscope
(Xavier et al., 2013). observation (Khairi et al., 2014). Alteration in the morphology of
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MCE-7 cells following the NC extract treatment indicated that the
cells experienced apoptosis (Wen et al., 2017). One of the main
challenges with the current treatments is the capacity to hit cancer
cells without killing normal cells surrounding the cancer cells.
However, the findings in this study revealed that NC extract was
slightly toxic toward normal cells.

Inhibition of proliferation and/or induction of apoptosis in
cancer cells is considered one of the main important criteria for
many anticancer agents (Barhoi et al., 2021; Orabi et al., 2021).
The flow cytometric analysis in the present study revealed that
MCEF-7 cells underwent apoptosis upon treatment with NC,
abundantly in late apoptosis. A similar finding was found on
MCE-7 cells after the treatment with rapamycin in which late
apoptosis up to 23.2% had been reported (Khairi et al., 2014).
Early apoptosis was detected in the present study indicating the
externalization of negatively charged phosphatidylserine (PS)
(Riedl et al, 2011; Jamali et al, 2018), which is mainly
localized in the inner layer of the membrane. Late apoptosis is
also known as secondary necrosis, causing loss of membrane
integrity (Poon et al., 2010).

The cell cycle consists of consecutive four phases that are
important in cell division and cell proliferation. The unscheduled
proliferation and genomic instability give rise to the
accumulation of tumor cells (Hanahan and Weinberg, 2000).
The finding in this study suggests that NC leaves 80% ethanol
extract caused cell cycle arrest at the GO/G1 phase in MCF-7 cells
after 72 h of exposure. The results clearly showed a significant
increase of cell distribution in the G0/G1 phase accompanied by a
decrease of cell distribution in phase S. Accumulation of cells in
the GO/G1 phase has been reported in MCE-7 cancer cells (Sun
and Hai Liu, 2006; Choi and Kim, 2008) and other cancer cell
lines (Fan et al., 2015; Karade and Jadhav, 2018) after plant
extract treatment. A similar finding was also reported in a study
in which epirubicin caused the G0/G1 cell cycle arrest on MCF-7
and T47D cells (Xiong et al., 2016). Upon detecting the DNA
damage, cell cycle checkpoints stop the progression of the cell
cycle from one phase to the next phase to ensure the fidelity of
genetic information (Vermeulen et al., 2003). The arrest of MCF-
7 cells at the GO/G1 phase prevents the cells from entering the
next phases of the cell cycle, the S and G2/M phases, which
eventually inhibits the synthesis of DNA and suppresses
proliferation of the cells. To find out the possible mechanism
of the extract to induce apoptosis and cell cycle arrest in MCF-7
cells, the qPCR assay was performed. The upregulation of
cytochrome c¢ links with the upregulation of Bax expression
and downregulation of Bcl-2 (Ilhan, 2020). Bax executes its
action on mitochondria by promoting the release of
cytochrome ¢, via increasing the permeability of mitochondria
membrane, into the intracellular space (Kilbride and Prehn,
2013). The inhibition of Bcl-2 activity involves with the
heterodimer formation on Bcl-2 by Bax gene to counteract the
antiapoptotic effects of Bcl-2 (Adams and Cory, 2007). The
liberation of cytochrome ¢ would activate apoptosome, which
then activates caspase-9 and the effector caspases, caspase-3 and
caspase-7 leading to cell death (Olsson & Zhivotovsky, 2011;
Westphal et al., 2011; Looi et al., 2013). The morphological and
biochemical changes are associated with caspase activation upon
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apoptotic stimuli (Duclos et al., 2017). The upregulation of
caspase-9 and caspase-7 expressions was detected upon NC
treatment on MCEF-7 cells. Activation of the effector caspases
via proteolytic cleavage by caspase-9 and cytochrome c is believed
to play a crucial role in the execution of apoptosis (Hassan et al.,
2014). These results might suggest that NC extract exerts
apoptosis through the intrinsic pathway. The expression of
p21 (tumor suppressor gene) stops the cell cycle progression
from dividing damaged cells. The binding of p21 on CDKs or
cyclin-CDK complexes disrupts these interactions and inhibits
cell cycle progression (Karimian et al., 2016; Kreis et al., 2019).
Upregulated p21 and downregulated CDK2 support the G0/G1
cell cycle arrest in the previous data. Interestingly, cyclin E in the
present study was found to be upregulated, which suggested that
cyclin E independently binds to CDK2 for halting the cell cycle. It
was suggested that inhibition of breast cancer cell MCEF-7
proliferation may be linked to the upregulation of cyclin E
and p21 as well as downregulation of CDK2 upon NC extract
treatment. In addition, p21 was found to be associated with
apoptosis. A study found the cytochrome c¢ blockage and
caspase-3 inactivation in HCT116 p21-/- but not in HCT
p53—-/- and HCT116 Bax—/— of colon cancer cells after
treatment with curcumin. The study also found a reduced
expression of Apaf-1 in the HCT116 p21-/— cells, whereas it
was not expressed in wild type (Gogada et al., 2011). Cytochrome
c release and Apaf-1 are required for caspase-9 activation of the
intrinsic apoptosis pathway (Zhou et al., 2015), which in turn
activates executioner caspases, including caspase-3 and caspase-7.
Based on the present findings, it is suggested that p21 upregulated
expressions may have been involved in apoptosis activities by
promoting the cytochrome c release to inhibit the proliferation of
MCEF-7 cells upon treatment.

CONCLUSION

The present research data suggest that NC leaves ethanol extract
inhibits cellular growth in MCF-7 cells by inducing apoptosis
and cell cycle arrest. As supported by the flow cytometric
analysis, upregulation of Bax, cytochrome ¢, and caspases
(caspase-9 and -7) with downregulation of Bcl-2 in MCF-7
cells suggest that NC leaves ethanol extract promotes apoptosis
via the intrinsic pathway. In addition, upregulation of p21 and
cyclin E, and downregulation of CDK2 expressions suggest that
cell cycle arrest occurs in MCF-7 cells upon NC leaves’ ethanol
extract treatment. Through this finding, the upregulation of
cytochrome ¢ may be associated with the upregulation of p21,
which ultimately leads to apoptosis induction. Other than that,
upregulation of cyclin E alone may have caused cell cycle arrest,
in which overexpression may reduce the proliferation of MCF-7
cells. The GCMS analysis revealed that D-pinitol, myo-inositol,
hexadecanoic acid (palmitic acid), octadecanoic acid (stearic
acid), oleic acid, and phenol, 2,4-bis(1,1-dimethylethyl)
compounds may have contributed to the aforementioned
anticancer effects of the NC leaves ethanol extract.
Nevertheless, other compounds that could not be identified
in the GCMS library might have also played some roles in the

Frontiers in Pharmacology | www.frontiersin.org

123

October 2021 | Volume 12 | Article 741683


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Razali et al.

anticancer effects of the NC leaves ethanol extract. Therefore,
further research is still required to identify other possible
bioactive compounds possessing anticancer effects and
evaluate all the possible bioactive anticancer candidates.
Additionally, studies involving an in vivo model are still
necessary to further analyze NC anticancer effects and the
mechanism of action.
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This commentary critically examines the modern paradigm of natural volatiles in
‘medical aromatherapy’, first by explaining the semantics of natural volatiles in health,
then by addressing chemophenetic challenges to authenticity or reproducibility, and
finally by elaborating on pharmacokinetic and pharmacodynamic processes in food,
therapy, and disease prophylaxis. Research over the last 50 years has generated
substantial knowledge of the chemical diversity of volatiles, and their strengths and
weaknesses as antimicrobial agents. However, due to modest in vitro outcomes, the
emphasis has shifted toward the ability to synergise or potentiate non-volatile natural
or pharmaceutical drugs, and to modulate gene expression by binding to the lipophilic
domain of mammalian cell receptors. Because essential oils and natural volatiles are
small and lipophilic, they demonstrate high skin penetrating abilities when suitably
encapsulated, or if derived from a dietary item they bioaccumulate in fatty tissues in
the body. In the skin or body, they may synergise or drive de novo therapeutic
outcomes that range from anti-inflammatory effects through to insulin sensitisation,
dermal rejuvenation, keratinocyte migration, upregulation of hair follicle bulb stem
cells or complementation of anti-cancer therapies. Taking all this into consideration,
volatile organic compounds should be examined as candidates for prophylaxis of
cardiovascular disease. Considering the modern understanding of biology, the
science of natural volatiles may need to be revisited in the context of health and
nutrition.

Keywords: pharmacokinetics, pharmacodynamics, antimicrobial, anti-inflammatory, gas

chromatography, headspace, aromatherapy

pathogen,

INTRODUCTION: MEDICAL AROMATHERAPY

The modern culture of aesthetic aromas and volatile organic compounds in human health is
polarised by controversiality, with the prevailing criticism being the lack of scientific
credibility. Yet there is ample scientific evidence of modest to noteworthy biological
effects from aromatic plant-based cosmetics, nutraceuticals, and therapies. Unfortunately,
the subjectivity in the aromatherapeutic industry and the credulity of participants has
attracted much negative attention.

Consequently, the Cambridge English Dictionary defines aromatherapy as . ..
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‘the treatment of worry or nervousness, or medical
conditions that are not serious, by rubbing pleasant-
smelling natural substances into the skin or breathing in
their smell’

As exemplified above, the prevailing view in western societies
is that aromatherapy is limited to either massaging with essential
oils or the inhalation of plant-derived volatile organic compounds
to achieve mood altering effects. However, a search of
clinicaltrials.gov provides an alternative overview of the
applications of essential oils: out of hundreds of studies less
than a quarter were dedicated to mood altering effects, i.e., a
search of ‘essential oils’ gave several results related to mouth
washes, throat gargles, pain management, antiseptic applications,
facial acne and muscle cramps.

Definitions of aromatherapy, as explained in dictionaries,
encyclopaedias or portrayed in memes, do not acknowledge
the diversity of techniques that are corroborated by empirical
science. For example, the essential oil of Cordia verbenacea A. DC
administered to rats, systemically or orally, confers noteworthy
anti-inflammatory effects (Medeiros et al., 2007). It is marketed in
Brazil as an active ingredient in the product Acheflan which is
applied topically. The positive effects of Acheflan are achieved via
the aroma molecules, E-caryophyllene and a-humulene
(Fernandes et al., 2007).

The problem of correctly defining aromatherapy is also
strained by a lack of cultural inclusiveness in the current
definition (Sadgrove N. J., 2020). Under the umbrella of
aromatherapy, aromatic extracts have been used in indigenous
African cultures to alleviate foot odours (Hulley et al., 2019) and
in steam/smoke inhalation therapies (Khumalo et al., 2019).
Similarly, in Australian Aboriginal cultures aromatic plants are
used successfully to treat fungal infections in the form of fat
extracts (Sadgrove et al., 2011; Sadgrove and Jones, 2014b) and in
smoke fumigation applications (Sadgrove and Jones, 2013;
Sadgrove et al., 2014).

Research on volatile organic compounds is starting to convey
that potentiation of other products is occurring more often than
realised, such as in antimicrobial outcomes (Mikulasova et al.,
2016) or other mainstream medicines. Immunomodulatory
effects are also being observed in relation to cytokine release
(Anastasiou and Buchbauer, 2017), T-cell proliferation
(Anastasiou and Buchbauer, 2017), agonism of membrane
receptors (toll-like (Amiresmaeili et al., 2018)) or nuclear
receptors (PPAR (Goto et al., 2010)) and reduced mast cell
degranulation (Anastasiou and Buchbauer, 2017).

With growing scientific validation there is a widening
polarization of the schools of aromatherapeutic practice,
with one side aligned to the supernatural, and the other on
the more traditional medical ethos. However, a distinction
clearly needs to be made. The author Kurt Schnaubelt
successfully made this distinction by the use of the
elaborated term ‘medical aromatherapy’ (Schnaubelt, 1999)
to imply a more objective approach to therapy with essential
oils and natural volatiles.

Thus, ‘medical aromatherapy’ can be defined as ...
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‘the objective of achieving a health benefit from topical
application, oral administration, or inhalation of a
natural product mixture that includes at least one
“active” or “coactive” volatile organic compound

In this definition it is explained that medical aromatherapy can
also be achieved by using raw aromatic plants, as crushed leaves
or extracts, to achieve therapeutic effects (Sadgrove, 2020b), as an
alternative to hydrodistilled essential oils. Although the two are
not mutually exclusive, medical aromatherapy practitioners are
not restricted to the use of essential oils because volatile organic
compounds are also present in aromatic extracts, such as
supercritical CO, extracts of aromatic leaves (Damjanovic et
al., 2006; Wengiang et al, 2007), or aromatic fat extracts
familiar to the French practice of enfleurage. In this scenario
the volatile compounds are not necessarily the sole driver of
efficacy because plant organs and extracts contain other families
of metabolites, i.e., the chemical diversity of whole aromatic
plants includes volatile and non-volatile ingredients that may
achieve combined effects (potentiation, synergism, or additive) in
the context of medical aromatherapy (Langat et al, 2021;
Nsangou et al, 2021). In this latter hypothetical, volatile
organic compounds are meaning that they
contribute to efficacy but are not the only driver of efficacy.

Aromatic plants are rich in volatile organic compounds that
can be distilled to produce essential oils, but it is not correct to call
them essential oils prior to separation by distillation, i.e., aromatic
plants do not contain essential oils, in the same way that milk
does not contain cheese or wheat does not contain bread.
According to the modern definition of an essential oil
provided by the International Standards Organisation, a single
organic compound, such as limonene, is not an essential oil, it is a
volatile organic compound that is a common ingredient in an
essential oil: it is an ‘essential oil component’, to use the
expression coined by Adams (2007) to make this important
distinction. Essential oils are mixtures of volatile organic
compounds that have been separated by distillation from
aromatic species, including bryophytes, such as liverworts
(Asakawa and Ludwiczuk, 2013), and higher plants.

coactive,

THE CURRENT RESEARCH PARADIGM

In recent decades, contingent with the increasing convenience of
chemical analysis of volatiles, there has been an unprecedented
number of publications reporting the chemistry of essential oils
from the world’s flora. This large body of data was born from the
collective of laboratories equipped with the universal mass
spectral detector at the end of a gas chromatography column
(GC-MS) (Sadgrove NJ., 2020; Sadgrove N. J. et al, 2020).
However, world experts in the field of natural volatiles and
essential oils are now unanimously encouraging a shift of
emphasis away from mere chemical reports.

For some time the superfluity of chemical reports, and
competitiveness in publishing, were overcome by including
results of in vitro antibacterial testing, to add value to the
dataset (Guimardes et al., 2019). These in vitro studies use
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micro-titre plate broth-dilution assays of whole essential oils to
derive minimum inhibition concentration (MIC) values against
pathogenic or model bacteria (Sadgrove and Jones, 2015; Van
Vuuren and Holl, 2017). While such information is valuable, a
pattern has emerged that makes further work predictable, and
generally the MIC values are not regarded as pharmacologically
interesting from a commercial perspective (Sadgrove and Jones,
2019). Furthermore, these methods omit the antimicrobial
activity of volatile organic compounds that are in the vapour
phase, which is more inhibitory compared to the liquid phase.
The methods for determination of the antibacterial effect of
volatile agents that are simultaneously in the liquid and vapor
phase were developed recently (Houdkova et al., 2017; Houdkova
et al., 2021). Nevertheless, with no consideration to the vapour
phases of volatile organic compounds, high concentrations
(0.1-20 mg.mLfl) are required to achieve antibacterial effects
of essential oils. If some bactericidal essential oil components
were to be present in human plasma at concentrations high
enough to have antibacterial effects, they will enact toxic and
potentially lethal effects to the person. Hence, antibacterial effects
of essential oils are best represented in different contexts, in
topical applications to treat odours and fungal infections, in
sterilizing skin or surfaces, laundry and so forth (Jones and
Sadgrove, 2015; Van Vuuren and Holl, 2017). Furthermore,
volatile organic compounds present in edible aromatic species
can influence the gut microbiota and attenuate fermentation or
bacterial overgrowth in gastrointestinal pathologies (Li et al.,
2018). High gastrointestinal concentrations will not lead to
high systemic concentrations because metabolism of volatile
organic compounds is generally efficient. Because in vitro MIC
values for contact inhibition are not possible, it is better to
consider the apparent immunomodulatory and gene regulatory
effects (Sadgrove and Jones, 2019).

Unfortunately, complementary studies that translate
phytochemical knowledge into pharmacological serendipity
for wider human benefit are not being pursued outside of just
a few laboratories. Pioneering new ways to appreciate
essential oils and volatiles require pushing the boundaries
of encapsulation methodology, extraction technology, food
preservation, knowledge of synergistic activity or
potentiation in the plight of resistance mechanisms in
pathogenic bacteria and their effects in human physiology.
Thus, since the dawn of the 21st century, particularly in the
last few years, numerous research groups have shifted
emphasis towards utilising the phytochemical information
that has been amassed hitherto.

A BRIEF HISTORY OF ESSENTIAL OILS

Even without the integrated efforts of scientists, human interest in
volatile organic compounds and distilled essential oils will
continue to be independently motivated. This can be partly
explained by the aesthetic experience in aroma, which
reinvigorates the cultural and symbolic significance. Humans
have utilised the aromatic principle of plants since before
recorded history and contingent with the development of
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modern-type hydrodistillation technology essential oils per se
were ‘invented’ in the 1200 AD by Arabic pioneers (Bauer and
Garbe, 1985; Sadgrove and Jones, 2015). However, long before
modern hydrodistillation methods low quality essential oils were
captured using a primitive apparatus invented by the Persians,
that was better for making floral waters. Remains of the Persian
terracotta distillation apparatus are estimated to be approx. 3500
B.C. Something similar was also used by the ancient Egyptians,
who packed the outlet pipe with rags to create a type of condenser
that captured floral waters and some of the essential oil, which
could be collected from the rags by compression.

The sophistication of modern technology means that essential
oils can be produced in mass by hydrodistillation (plant material
in boiling water), steam distillation (plant material placed in path
of steam) and microwave assisted steam distillation. In this
regard, the modern definition of an essential oil as dictated by
the International Standards Organisation is a ...

“product obtained from natural raw material, either
by distillation with water and steam, or from the
epicarp of citrus fruits by mechanical processing, or
by dry distillation” (Schnaubelt, 1999; ISO, 2015).

The etymological background of the term ‘essential oil” is in
the Latin expression ‘quinta essentia’ which literally means 5%
element. The essential oil was referred to as the soul or spirit of
the plant, which is strongly related to the etymology of the
term ‘spirits’ to mean alcohol or liqueur (Sell, 2010). Essential
oils should never be referred to as ‘extracts’ or ‘extracted’, because
they can only be produced by evaporation; essential oils are
actually ‘exorcized’ from the plant, not extracted, which would
require the use of solvents or mechanical pressing. The only
exception to this is from the epicarp of citrus fruits, but this is due
to the inertia of pre-established rural language.

Sometimes a single aromatic plant species can be divided
according to distinct chemical groups called chemotypes. In rare
cases, one species can be divided into as many as 10 or more
chemotypes that have completely different chemical profiles
(Sadgrove and Jones, 2014a). While chemotypes tend to be
highly consistent in terms of chemistry (i.e, borneol type
always has borneol), the chemistry can also change in
response to environmental factors and seasonal variation,
causing an effect called phenotypic plasticity (Sadgrove NJ.,
2020). Phenotypic plasticity can create chemotypes within
species, or it can occur on a spectrum, which involves many
entities with chemistry that overlap between chemotypes. In the
Australian flora, volatile compounds can appear or disappear
from the chemical profile in response to wet and dry cycles of
weather (Sadgrove NJ., 2020) or other factors.

CHEMOPHENETICS OF ESSENTIAL OILS
AND SOLVENT EXTRACTS

It is often the case that the chemical profiles within species are
‘flamboyant’ (Sadgrove NJ., 2020; Sadgrove NJ. et al., 2020),
i.e., highly variable, which can be caused by abiotic stressors
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that change expression patterns of volatiles, known as
‘phenoplasticity’, as mentioned above. In these cases, a known
plant species is not guaranteed to deliver the same essential oil
chemical profile. It is therefore important to be cognisant of
chemical variation that could be caused by chemotypes or
environmental factors, particularly in the context of health
claims for the essential oil components. For example, two
chemotypes of oregano are known, the thymol type and the
carvacrol type (Bedini et al., 2021). Hence, it is important to be
aware of these differences if used in therapeutic or prebiotic
applications.

The discipline that examines the potential chemical
differences  within  species is formally known as
‘chemophenetics’. This subject title is used today as a
replacement for the old term ‘chemotaxonomy’ (Zidorn,
2019). The new name was necessary to avoid criticism
because in classic chemotaxonomy it was imagined
that chemical profiles could be used to fingerprint taxa
with high reproducibility, but phenoplasticity and the
existence of chemotypes within taxa antagonised
reproducibility.

In the last 5years chemophenetic research of volatile organic
compounds has started to utilise solvent extracts, rather than
hydrodistilled essential oils. This is both convenient and creates
more detailed information. While hydrodistillation requires masses
of leaves, energy input, time, and effort to produce essential oils,
solvent extraction requires a small leaf and a small volume of solvent
(DCM, Hexane). This method was used in a chemophenetic study of
heterogeneous species aggregates in Eucalyptus (Collins et al., 2018),
Phebalium nottii (Sadgrove N. J. et al, 2020) and Eremophila
(Sadgrove et al, 2021), and in the former two the leaf samples
were taken from herbarium voucher specimens. In the case of
Eucalyptus, the sesquiterpene diol cryptomeridiol does not survive
hydrodistillation and eliminates a hydroxyl group to randomly
produce three eudesmols, either alpha (a-), beta (B-), or gamma
(y-). By using solvent extraction instead, cryptomeridiol is detected
(Collins et al., 2018). In the pink flowered Phebalium nottii complex,
putative new species were often in significant agreement with semi-
volatile coumarins that have vapour pressures too low to be
produced in hydrodistillation. The semi-volatile coumarins were
easily detected by GC-MS if the column temperature was raised to
280-300°C and held for 20 min (Sadgrove N. J. et al., 2020). Species
in Eremophila also express semi-volatiles that may have significance
in taxonomic studies because of a reduced susceptibility to the effects
of phenoplasticity (Sadgrove et al., 2021). In this latter study it was
realized that the effects of phenoplasticity from contemporary
weather changes, such as droughts or excessive wet periods, are
more dramatic in leaf material than in timber. It was suggested that
chemophenetic studies may yield more reproducible data if the
timber volatiles are studied, rather than leaves.

FACTORS AFFECTING ESSENTIAL OIL
COLLECTION

The amount of an essential oil in a species, as determined by the
‘vield from hydrodistillation, can vary considerably. The
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phenylpropanoid dominated essential oil from clove can yield as
high as 7.4-11.5% g.g " from dried cloves or 1.2% if fresh (Wengiang
et al., 2007; Murni et al., 2016). This contrasts with the oleo-resin
made by supercritical CO, extraction which yields 15-20% g.g'
from dried clove buds, but this higher yield is related to the presence
of non-volatile substances such as cuticular waxes (Wenqiang et al,
2007). Some Australian species also demonstrate very high yields,
such as the monoterpene-rich isomenthone, or karahanenone
diploid chemotypes of Eremophila longifolia (Smith et al., 2010;
Sadgrove et al, 2011; Sadgrove and Jones, 2014a) yielding from
2-10% g.g " of wet leaves, which varies yearly according to drought
effects. A similar phenylpropanoid-rich safrole/methyl eugenol
chemotype is known from the country’s far west. Another high
yielding genus includes the sesquiterpene-rich heterogeneous species
aggregates of Prostanthera sp. aff. ovalifolia and P. sp. aff.
rotundifolia (Sadgrove et al., 2015), which invariably give 1-2%
gg ' from fresh leaves.

Low yields can make it difficult to produce an essential oil,
which makes them very expensive in the market, such as rose
essential oil from Rosa damascena Mill., which yields only 0.03%
gg ' from fresh rose petals after steam or hydrodistillation
(Dobreva et al,, 2011). In this regard, careful temperature and
hydrosol modulation is required to ensure successful condensation
and collection, respectively. Gases need to be sufficiently cooled by
the condenser to adequately capture the volatiles, returning them to
the liquid phase. They are then pooled in a chamber that is less than
30°C, to prevent re-evaporation. The water phase, called the
hydrosol, needs to be minimised because part of the oil is
dissolved there. Although volatile organic compounds are only
slightly aqueously soluble, high volumes of hydrosol and small
quantities of essential oil can make the difference between
successful collection and failure. Some distillers use cohobation,
which is the process of returning the hydrosol to the boiler to
ensure recovery of dissolved components. An even better design is
the Clevenger apparatus, a near century old design (Clevenger,
1928) that captures only a small amount of hydrosol and returns
the rest to the boiler in real time.

Acids are generally not volatile enough to be evaporated in
hydrodistillation unless they are extremely small, but their small
size means they are mostly dissolved into the hydrosol and phase
separate