‘CAM
Evidence-Based Complementary and Alternative Medicine

Natural Products and/or
Isolated Compounds on
Wound Healing

Lead Guest Editor: Christian Agyare
Guest Editors: Abidemi J. Akindele and Vanessa Steenkamp




Natural Products and/or Isolated Compounds
on Wound Healing



Natural Products and/or Isolated Compounds
on Wound Healing

Lead Guest Editor: Christian Agyare
Guest Editors: Abidemi J. Akindele and Vanessa Steenkamp




Copyright © 2019 Hindawi. All rights reserved.

This is a special issue published in “Evidence-Based Complementary and Alternative Medicine” All articles are open access articles
distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



Editorial Board

Mona Abdel-Tawab, Germany
Rosaria Acquaviva, Italy
Gabriel A. Agbor, Cameroon
U. Paulino Albuquerque, Brazil
Samir Lutf Aleryani, USA

M. S. Ali-Shtayeh, Palestine
Gianni Allais, Italy

Terje Alraek, Norway

Adolfo Andrade-Cetto, Mexico
Isabel Anddjar, Spain

Letizia Angiolella, Italy
Makoto Arai, Japan

Hyunsu Bae, Republic of Korea
Giacinto Bagetta, Italy
Onesmo B. Balemba, USA
Winfried Banzer, Germany
Samra Bashir, Pakistan

Jairo Kennup Bastos, Brazil
Arpita Basu, USA

Syjit Basu, USA

Daniela Beghelli, Italy

Alvin J. Beitz, USA

Juana Benedi, Spain

Bettina Berger, Germany
Maria Camilla Bergonzi, Italy
Andresa A. Berretta, Brazil
Anna Rita Bilia, Italy

Yong C. Boo, Republic of Korea
Monica Borgatti, Italy
Francesca Borrelli, Italy
Gioacchino Calapai, Italy
Giuseppe Caminiti, Italy
Raffaele Capasso, Italy
Francesco Cardini, Italy

Pierre Champy, France
Shun-Wan Chan, Hong Kong
Kevin Chen, USA

Evan P. Cherniack, USA
Salvatore Chirumbolo, Italy
Jae Youl Cho, Republic of Korea
K. Bisgaard Christensen, Denmark
Shuang-En Chuang, Taiwan

Y. Clement, Trinidad And Tobago
Ian Cock, Australia

Marisa Colone, Italy

Lisa A. Conboy, USA

Kieran Cooley, Canada

Edwin L. Cooper, USA

Maria T. Cruz, Portugal
Roberto K. N. Cuman, Brazil
Ademar A. Da Silva Filho, Brazil
Giuseppe D’Antona, Italy
Vincenzo De Feo, Italy

Rocio De la Puerta, Spain
Laura De Martino, Italy
Antonio C. P. de Oliveira, Brazil
Arthur De Sa Ferreira, Brazil
Nunziatina De Tommasi, Italy
Alexandra Deters, Germany
Farzad Deyhim, USA

Claudia Di Giacomo, Italy
Antonella Di Sotto, Italy

M.-G. Dijoux-Franca, France
Luciana Dini, Italy

Caigan Du, Canada

Jeng-Ren Duann, USA

Nativ Dudai, Israel

Thomas Efferth, Germany
Abir El-Alfy, USA

Giuseppe Esposito, Italy
Keturah R. Faurot, USA
Nianping Feng, China

Yibin Feng, Hong Kong
Antonella Fioravanti, Italy
Johannes Fleckenstein, Germany
Filippo Fratini, Italy

Brett Froeliger, USA

Siew H. Gan, Malaysia

Jian-Li Gao, China

Susana Garcia de Arriba, Germany
Dolores Garcia Giménez, Spain
Gabino Garrido, Chile

Ipek Goktepe, Qatar

Yuewen Gong, Canada

Susana Gorzalczany, Argentina
Sebastian Granica, Poland
Settimio Grimaldi, Italy
Maruti Ram Gudavalli, USA

Narcis Gusi, Spain

Svein Haavik, Norway
Solomon Habtemariam, UK
Michael G. Hammes, Germany
Kuzhuvelil B. Harikumar, India
Ken Haruma, Japan

Thierry Hennebelle, France
Markus Horneber, Germany
Ching-Liang Hsieh, Taiwan
Benny T. K. Huat, Singapore
Helmut Hugel, Australia
Ciara Hughes, Ireland

Attila Hunyadi, Hungary

H. Stephen Injeyan, Canada
Chie Ishikawa, Japan

Angelo A. Izzo, Italy

G. K. Jayaprakasha, USA
Leopold Jirovetz, Austria
Takahide Kagawa, Japan
Atsushi Kameyama, Japan
Wen-yi Kang, China
Shao-Hsuan Kao, Taiwan
Juntra Karbwang, Japan

Teh Ley Kek, Malaysia
Deborah A. Kennedy, Canada
Cheorl-Ho Kim, Republic of Korea
Youn-Chul Kim, Republic of Korea
Yoshiyuki Kimura, Japan
Toshiaki Kogure, Japan

Jian Kong, USA

Tetsuya Konishi, Japan

Karin Kraft, Germany

Omer Kucuk, USA

Victor Kuete, Cameroon
Yiu-Wa Kwan, Hong Kong
Kuang C. Lai, Taiwan

Ilaria Lampronti, Italy

Lixing Lao, Hong Kong
Mario Ledda, Italy

Christian Lehmann, Canada
George B. Lenon, Australia
Marco Leonti, Italy

Lawrence Leung, Canada
Chun-Guang Li, Australia




Min Li, China

XiuMin Li, Armenia
Giovanni Li Volti, Italy
Bi-Fong Lin, Taiwan

Ho Lin, Taiwan

Kuo-Tong Liou, Taiwan
Christopher G. Lis, USA
Gerhard Litscher, Austria
I-Min Liu, Taiwan

Monica Loizzo, Italy

Victor Lépez, Spain
Anderson Luiz-Ferreira, Brazil
Thomas Lundeberg, Sweden
Dawn M. Bellanti, USA
Michel M. Machado, Brazil
Filippo Maggi, Italy
Valentina Maggini, Italy
Jamal A. Mahajna, Israel
Juraj Majtan, Slovakia
Toshiaki Makino, Japan
Nicola Malafronte, Italy
Francesca Mancianti, Italy
Carmen Mannucci, Italy
Arroyo-Morales Manuel, Spain
Fatima Martel, Portugal
Simona Martinotti, Italy
Carlos H. G. Martins, Brazil
Fulvio Marzatico, Italy
Stefania Marzocco, Italy
Andrea Maxia, Italy

James H. Mcauley, Australia
Kristine McGrath, Australia
James S. McLay, UK

Lewis Mehl-Madrona, USA
A. G. Mensah-Nyagan, France
Oliver Micke, Germany
Maria G. Miguel, Portugal
Luigi Milella, Italy

Roberto Miniero, Italy
Letteria Minutoli, Italy
Albert Moraska, USA
Giuseppe Morgia, Italy
Mark Moss, UK

Yoshiharu Motoo, Japan
Kamal D. Moudgil, USA
Yoshiki Mukudai, Japan
Sakthivel Muniyan, USA

MinKyun Na, Republic of Korea
Massimo Nabissi, Italy

Hajime Nakae, Japan

Takao Namiki, Japan

Srinivas Nammi, Australia
Krishnadas Nandakumar, India
Vitaly Napadow, USA

Michele Navarra, Italy

Isabella Neri, Italy

Pratibha V. Nerurkar, USA
Ferdinando Nicoletti, Italy
Marecello Nicoletti, Italy
Cristina Nogueira, Brazil
Menachem Oberbaum, Israel
Martin Offenbaecher, Germany
Yoshiji Ohta, Japan
Olumayokun A. Olajide, UK
Ester Pagano, Italy

Sokcheon Pak, Australia
Siyaram Pandey, Canada

V. Rao Pasupuleti, Malaysia
Bhushan Patwardhan, India
Claudia Helena Pellizzon, Brazil
Raffaele Pezzani, Italy

Florian Pfab, Germany

Sonia Piacente, Italy

Andrea Pieroni, Italy

Richard Pietras, USA

Andrew Pipingas, Australia
Haifa Qiao, USA

Xiangin Qu, Australia

Roja Rahimi, Iran

Khalid Rahman, UK

Danilo Ranieri, Italy

Elia Ranzato, Italy

Ke Ren, USA

Man Hee Rhee, Republic of Korea

Daniela Rigano, Italy

José L. Rios, Spain

Barbara Romano, Italy
Mariangela Rondanelli, Italy
Omar Said, Israel

Avni Sali, Australia

Mohd. Zaki Salleh, Malaysia

Andreas Sandner-Kiesling, Austria

Manel Santafe, Spain
Tadaaki Satou, Japan

Michael A. Savka, USA

Jana Sawynok, Canada

Roland Schoop, Switzerland
Sven Schroder, Germany
Veronique Seidel, UK
Senthamil R. Selvan, USA
Hongcai Shang, China

Karen J. Sherman, USA

Ronald Sherman, USA

Yukihiro Shoyama, Japan
Morry Silberstein, Australia
Kuttulebbai N. S. Sirajudeen, Malaysia
Francisco Solano, Spain

Chang G. Son, Republic of Korea
Annarita Stringaro, Italy
Shan-Yu Su, Taiwan

Orazio Taglialatela-Scafati, Italy
Takashi Takeda, Japan

Ghee T. Tan, USA

Norman Temple, Canada
Mencherini Teresa, Italy
Mayank Thakur, Germany
Menaka C. Thounaojam, USA
Evelin Tiralongo, Australia
Michat Tomczyk, Poland

Loren Toussaint, USA

Luigia Trabace, Italy

Yew-Min Tzeng, Taiwan

Dawn M. Upchurch, USA
Konrad Urech, Switzerland
Takuhiro Uto, Japan

Patricia Valentao, Portugal
Sandy van Vuuren, South Africa
Luca Vanella, Italy

Alfredo Vannacci, Italy

Antonio Vassallo, Italy

Miguel Vilas-Boas, Portugal
Aristo Vojdani, USA

Almir Gongalves Wanderley, Brazil
Chong-Zhi Wang, USA
Shu-Ming Wang, USA

Jonathan L. Wardle, Australia
Kenji Watanabe, Japan
Jintanaporn Wattanathorn, Thailand
Silvia Wein, Germany

Janelle Wheat, Australia

Jenny M. Wilkinson, Australia



D. R. Williams, Republic of Korea  Junqing Yang, China Chris Zaslawski, Australia
Christopher Worsnop, Australia Ling Yang, China Suzanna M. Zick, USA
Haruki Yamada, Japan Albert S. Yeung, USA

Nobuo Yamaguchi, Japan Armando Zarrelli, Italy



Contents

Natural Products and/or Isolated Compounds on Wound Healing
Christian Agyare (), Abidemi J. Akindele, and Vanessa Steenkamp
Editorial (3 pages), Article ID 4594965, Volume 2019 (2019)

The Wound Healing Potential of Aspilia africana (Pers.) C. D. Adams (Asteraceae)
Richard Komakech, Motlalepula Gilbert Matsabisa, and Youngmin Kang
Review Article (12 pages), Article ID 7957860, Volume 2019 (2019)

African Herbal Remedies with Antioxidant Activity: A Potential Resource Base for Wound Treatment
Mary Gulumian (), Ewura Seidu Yahaya (), and Vanessa Steenkamp
Review Article (58 pages), Article ID 4089541, Volume 2018 (2019)

Chemical Composition and Antifungal In Vitro and In Silico, Antioxidant, and Anticholinesterase
Activities of Extracts and Constituents of Ouratea fieldingiana (DC.) Baill

José Eranildo Teles do Nascimento, Ana Livya Moreira Rodrigues, Daniele Silva de Lisboa,

Horténcia Ribeiro Liberato, Maria José Cajazeiras Falcao, Cecilia Rocha da Silva,

Hélio Vitoriano Nobre Junior, Raimundo Braz Filho, Valdir Ferreira de Paula Junior, Daniela Ribeiro Alves,
and Selene Maia de Morais

Research Article (12 pages), Article ID 1748487, Volume 2018 (2019)

Plant-Derived Products for Treatment of Vascular Intima Hyperplasia Selectively Inhibit Vascular
Smooth Muscle Cell Functions

Kang Xu (2}, Mohanad Kh Al-ani (2, Xin Pan (%), Qingjia Chi({2, Nianguo Dong, and Xuefeng Qiu
Review Article (17 pages), Article ID 3549312, Volume 2018 (2019)

Traditional Chinese Medicine Injections in the Treatment of Diabetic Foot: A Systematic Review and
Meta-Analysis

Lizi Tan, Qingyang Shi, Chunxiang Liu (%), Junhua Zhang (%), Hui Wang (), and Jingbo Zhai

Review Article (12 pages), Article ID 4730896, Volume 2018 (2019)

A Prospective Randomized, Controlled, Double-Blind Trial of the Efficacy Using Centella Cream for
Scar Improvement

Kamonwan Jenwitheesuk (), Porntip Rojsanga, Bowornsilp Chowchuen, and Palakorn Surakunprapha
Research Article (9 pages), Article ID 9525624, Volume 2018 (2019)

Humic Acid Enhances Wound Healing in the Rat Palate
Metin Caligir @), Aysun Akpinar, Ahmet Cemil Talmag, Aysan Lektemur Alpan, and Omer Fahrettin Géze
Research Article (6 pages), Article ID 1783513, Volume 2018 (2019)

Promotion of Keratinocyte Proliferation by Tracheloside through ERK1/2 Stimulation
JaeGoo Kim (2, Yu-Kyong Shin, and Ki-Young Kim
Research Article (5 pages), Article ID 4580627, Volume 2018 (2019)



http://orcid.org/0000-0001-8515-4882
http://orcid.org/0000-0003-3575-0410
http://orcid.org/0000-0003-0184-6115
http://orcid.org/0000-0003-1284-6831
http://orcid.org/0000-0002-5003-9662
http://orcid.org/0000-0003-3575-0410
http://orcid.org/0000-0002-2766-3790
http://orcid.org/0000-0002-8492-2058
http://orcid.org/0000-0002-1055-0212
http://orcid.org/0000-0001-9750-3189
http://orcid.org/0000-0001-8726-9261
http://orcid.org/0000-0002-3439-6678
http://orcid.org/0000-0003-4063-3729
http://orcid.org/0000-0003-4043-1967
http://orcid.org/0000-0002-4234-2151
http://orcid.org/0000-0002-2651-5753
http://orcid.org/0000-0001-6607-6532
http://orcid.org/0000-0001-9062-2820
http://orcid.org/0000-0002-0407-3018

Hindawi

Evidence-Based Complementary and Alternative Medicine
Volume 2019, Article ID 4594965, 3 pages
https://doi.org/10.1155/2019/4594965

Editorial

Natural Products and/or Isolated Compounds on

Wound Healing

Christian Agyare ,! Abidemi J. Akindele,” and Vanessa Steenkamp

'Kwame Nkrumah University of Science and Technology, Kumasi, Ghana

University of Lagos, Lagos, Nigeria
*University of Pretoria, Arcadia, South Africa

Correspondence should be addressed to Christian Agyare; chrisagyare@yahoo.com

Received 14 April 2019; Accepted 14 April 2019; Published 24 April 2019

Copyright © 2019 Christian Agyare et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

The effective treatment of wounds remains a major global
health challenge. Failure to heal or elongation of the wound
healing process results in increased financial and social stress
being placed on health institutions, care-givers, patients, and
their families. The occurrence of various forms of wounds
such as chronic and acute wounds, pressure ulcers, venous
stasis ulcers, and diabetic ulcers has increased over the years
in most countries, especially developed countries where life
expectancy has been increasing over time and is accompanied
by geriatric diseases. Acute and chronic, nonhealing wounds
impose heavy financial and quality of life burdens on patients
[1]. Chronic wounds are normally characterized by intense
pain, infection, loss of function, and loss of mobility and may
lead to amputations and in some cases even death. With an
increase in the prevalence of wounds and the high cost of
orthodox medicines, most patients, especially those in devel-
oping countries, resort to herbal preparations or remedies
which are believed to be readily available and cheap for the
treatment thereof. The urgent need for the identification of
effective, safe, and cost efficient wound healing promoters
which can be introduced into clinical practice is unequivocal
[2, 3]. This has driven an increase in the search for potent,
cost effective wound healing agents from natural products
including medicinal plants.

Medicinal plants have been used in the management of
various diseases since ancient time. It is estimated that about
70 to 80% of the world’s population depends on medicines of
plant origin for treatment of diseases. The use of medicinal
plants in the management of acute and chronic wounds is

common in most traditional medicine practices in the world.
Based on this, many plants in the tropical and subtropical
regions of the world have been screened for their wound
healing activity. Yet there are still many medicinal plants
that need to be screened in the search for newer, efficacious,
and cost effective wound healing agents. This special issue
provides the platform for bringing to the limelight recent
efforts in this regards.

This issue contains eight articles which focus on studies
on the current trends for managing wounds and associated
complications, newer natural products including animal
products, and/or isolated compounds possessing wound
healing activity.

R. Komakech et al. presented a review on the wound
healing potential of Aspilia africana (Asteraceae), a plant
used in African traditional medicine to treat wounds. The
authors reported that in vitro and in vivo investigations
provided evidence of the wound healing properties of the
plant’s derived extracts and phytochemicals, including alka-
loids, saponins, tannins, flavonoids, phenols, terpenoids, f3-
caryophyllene, germacrene D, «-pinene, carene, phytol, and
linolenic acid. These phytoconstituents were linked with
strong anti-inflammatory, antimicrobial, and antioxidant
activity, all essential for wound healing. Specific activities
of the extracts of A. africana and its constituents benefi-
cial to wound healing were reported to include inhibitory
effects on bleeding, enhancement of wound contraction,
increases in the levels of basic fibroblast growth factor
(BFGF) and platelet derived growth factor, and stimulation
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of haematological parameters like white and red blood
cells.

M. Gulumian et al. reported on African herbal remedies
with antioxidant activity as potential resource base for wound
treatment in a form of a review article. This is based on
the premises that excess free radicals have been linked with
wound chronicity and antioxidant therapy facilitates wound
healing. The review highlighted tests that have been used
to assess antioxidant activities of African medicinal plant
extracts; compounds isolated from African medicinal plant
extracts with confirmed antioxidant activities; and crude
extracts of African medicinal plants with confirmed antioxi-
dant activities. The authors reported that either single assays
or in vitro analysis were used to determine the antioxidant
activity of listed extracts and compounds, warranting the use
of alternative testing methods, including in vivo assays, for
confirmation of observed effects. They also clamoured for
identification of compounds responsible for the antioxidant
activities and evaluation of wound healing properties of
isolated compounds in applicable cases.

J. E. T. do Nascimento identified and isolated the main
chemical compounds present in extracts of Ouratea fieldin-
giana (Ochnaceae) and investigated their possible antifungal,
antioxidant, and anticholinesterase activities. The plant is
popularly used in Brazilian folk medicine for wound heal-
ing and treatment of inflammation and infectious diseases.
Amentoflavone and kaempferol 3-O-rutinoside were isolated,
respectively, from the ethanol seeds and leaves extracts of
the plant. The extracts and compounds were shown to
possess antifungal activity against several Candida strains
via inhibition of ergosterol biosynthesis, antioxidant, and
anticholinesterase activities.

K. Xu et al. in a review article on plant-derived products
for treatment of vascular intima hyperplasia (IH) described
the different originating cells involved in vascular IH and
highlighted the effect of different natural products on inhibit-
ing abnormal cellular functions, such as vascular smooth
muscle cells (VSMC) proliferation and migration. The review
article covered diverse cells involved in vascular IH; antipro-
liferation, migration, and cellular functions of abnormal
VSMCS as a target to decrease intimal hyperplasia; typical
signal pathways involved in the growth and physiology of
VSMCs in IH disease; different natural compounds being
used for preventing neointimal formation; and selective inhi-
bition of VSMCs versus vascular endothelial cells (VECs).

In another review article, L. Tan et al. evaluated the
clinical effective rate, safety, and financial cost of traditional
Chinese medicine injections (TCMIs) in treating diabetic
foot and ulcer wound healing. The findings from the study
suggest that TCMIs are beneficial to patients with diabetic
foot ulcers, increasing the clinical effective rate of conven-
tional therapies, and eliciting better performance in safety
and financial burden. The authors however suggested more
rigorous designed randomized control trials (RCTs) with
large sample size to provide more high-quality evidence to
support the benefits of TCMIs in the treatment of various
types of wounds.

K. Jenwitheesuk et al. evaluated the efficacy of Centella
asiatica (Apiaceae) extract in cream for the prevention of
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scar development of the split-thickness skin graft (STSG)
donor site. A prospective randomized, controlled, double-
blind trial was conducted on the Centella cream for scar
improvement. The amelioration of hypertrophic scar by
the extract cream was attributed to better pigmentation,
improvement of objective measurements, and longer follow-
up times.

M. Calisir et al. investigated the effect of humic acid on the
healing of excisional wounds in the palate of rats as a follow-
up to previous demonstration of enhancement of cutaneous
wound healing and antibacterial properties. The findings
from the study showed that humic acid treatment enhanced
the rate of wound closure and recovery. This provides a basis
for the use of humic acid as an alternative in the treatment of
oral wounds.

In the last publication in this special issue, J. Kim et al.
in a research article investigated the effect of tracheloside,
a plant lignin, on keratinocyte proliferation using scratch
wound healing and cell proliferation assays and western
blot analysis based on the fact that cell migration and
proliferation are important for proper wound healing after
skin injury. In the study, it was demonstrated that tracheloside
positively affects the proliferation of HaCaT keratinocyte cell
line through the regulation of ERK1/2 phosphorylation. The
authors concluded that tracheloside is a potential therapeutic
candidate for promotion of wound healing.

The high quality articles constitute authors located at
affiliations and institutions from nine different countries
and parts of the world. This special issue has extended
the frontiers of knowledge in exploring the therapeutic
application of natural products and/or isolated compounds in
wound healing which accounts for significant morbidity and
mortality worldwide. It has also provided the desired basis for
future research in complementing and/or replacing existing
therapeutic agents used in the treatment of wounds.

Conflicts of Interest

The editors declare that they have no conflicts of interest
regarding the publication of this special issue.

Acknowledgments

Olumayokun A. Olajide, “University of Huddersfield”, Dar-
ren R. Williams, Gwangju Institute of Science and Tech-
nology, and Gioacchino Calapai, Universita degli Studi di
Messina, also served as academic editors and reviewers.

Christian Agyare
Abidemi J. Akindele
Vanessa Steenkamp

References

[1] J. Caporusso, R. Abdo, J. Karr, M. Smith, and A. Anaim, “Clin-
ical experience using a dehydrated amnion/chorion membrane
construct for the management of wounds,” Wounds, vol. 31,
Suppl. 4, pp. S19-S27, 2019.



Evidence-Based Complementary and Alternative Medicine

[2] G. Zhang, E. A. Langan, N. T. Meier et al., “Thyroxine (T4)
may promote re-epithelialisation and angiogenesis in wounded
human skin ex vivo,” PLoS ONE, vol. 14, no. 3, Article ID
€0212659, 2019.

I. Pastar, L. L. Wong, A. N. Egger, and M. Tomic-Canic,
“Descriptive vs mechanistic scientific approach to study wound
healing and its inhibition: Is there a value of translational
research involving human subjects?” Experimental Dermatol-
0gy, vol. 27, no. 5, pp. 551-562, 2018.

[3

—_



Hindawi

Evidence-Based Complementary and Alternative Medicine
Volume 2019, Article ID 7957860, 12 pages
https://doi.org/10.1155/2019/7957860

Review Article

The Wound Healing Potential of Aspilia africana (Pers.)

C. D. Adams (Asteraceae)

Richard Komakech,"** Motlalepula Gilbert Matsabisa,* and Youngmin Kang "

! University of Science & Technology (UST), Korea Institute of Oriental Medicine (KIOM) Campus,
Korean Medicine Life Science Major, Daejeon 34054, Republic of Korea
2Herbal Medicine Resources Research Center, Korea Institute of Oriental Medicine, 111 Geonjae-ro, Naju-si,

Jeollanam-do 58245, Republic of Korea

3Natural Chemotherapeutics Research Institute (NCRI), Ministry of Health, P.O. Box 4864, Kampala, Uganda
4University of the Free State, 205 Nelson Mandela Drive, Bloemfontein 9300, South Africa

Correspondence should be addressed to Youngmin Kang; ymkang@kiom.re.kr

Received 20 August 2018; Accepted 23 December 2018; Published 21 January 2019

Guest Editor: Abidemi J. Akindele

Copyright © 2019 Richard Komakech et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Wounds remain one of the major causes of death worldwide. Over the years medicinal plants and natural compounds have played
an integral role in wound treatment. Aspilia africana (Pers.) C. D. Adams which is classified among substances with low toxicity has
been used for generations in African traditional medicine to treat wounds, including stopping bleeding even from severed arteries.
This review examined the potential of the extracts and phytochemicals from A. africana, a common herbaceous flowering plant
which is native to Africa in wound healing. In vitro and in vivo studies have provided strong pharmacological evidences for wound
healing effects of A. africana-derived extracts and phytochemicals. Singly or in synergy, the different bioactive phytochemicals
including alkaloids, saponins, tannins, flavonoids, phenols, terpenoids, 8-caryophyllene, germacrene D, a-pinene, carene, phytol,
and linolenic acid in A. africana have been observed to exhibit a very strong anti-inflammatory, antimicrobial, and antioxidant
activities which are important processes in wound healing. Indeed, A. africana wound healing ability is furthermore due to the
fact that it can effectively reduce wound bleeding, hasten wound contraction, increase the concentration of basic fibroblast growth
factor (BFGF) and platelet derived growth factor, and stimulate the haematological parameters, including white and red blood cells,
all of which are vital components for the wound healing process. Therefore, these facts may justify why A. africana is used to treat
wounds in ethnomedicine.

1. Introduction

A wound can be defined as the disruption of living tissue
integrity associated with loss of function [1]. The wound
healing process is a complex dynamic process which repre-
sents an attempt to restore a normal anatomical structure
and function [2, 3]. Wounds can be broadly categorized
as acute wounds which are caused by external injury to
the skin and include surgical wounds, bites, burns, minor
cuts and abrasions, and more severe traumatic wounds
such as lacerations and those caused by crush or gunshot
injuries or chronic etiology wounds which includes vascular,
diabetic, and pressure ulcers [1, 4]. In fact, wounds impose

significant health, social, and economic burdens to the
individuals, the healthcare system, and the community as
a whole [5, 6]. Recent statistics showed that approximately
3% of the healthcare budget is spent on treating wound-
related complications in developed countries [6]. The aim
of treating a wound is to prevent pain discomfort to the
patient and promote wound healing which occurs mainly
in four phases: hemostasis, inflammation, proliferation, and
remodeling [1, 7, 8]. Plants have immense potential that can
be explored for the treatment and management of wounds
[2, 9]. Indeed, several medicinal plants have been used in
traditional medicine for the treatment and management of
all kinds of wounds across the globe since time immemorial
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(3, 10, 11]. Aspilia africana (Pers.) C. D. Adams (Asteraceae),
commonly referred to as wild sunflower, is one of the highly
valued wound healing plants throughout its distribution
range and beyond [12-14]. This unique wound healing plant
species is commonly referred to as “haemorrhage plant” due
to its distinguished ability to stop bleeding, even of severed
artery [15, 16]. Apart from its enormous potential in wound
healing, A. africana is reported to be vital in the treatment
and management of myriad of other diseases and disorders
in African traditional medicine, including headache, corneal
opacities, stomach disorders, cough, gonorrhea, rheumatic
pains, and tuberculosis; the leaf infusion is taken as a tonic for
women immediately after delivery [17,18]. A. africana plant is
known to possess great anti-inflammatory, antimalarial, and
antimicrobial activities [12, 16]. Several scientific studies have
attributed the numerous medicinal properties of A. africana
to the abundant bioactive secondary metabolites in it such
as alkaloids, saponins, tannins, glycosides, flavonoids, and
terpenoids [18, 19].

The use of A. africana in wound treatment and manage-
ment has been assessed and discussed in a number of peer
reviewed journal articles over the years. This review therefore
sought to examine the wound healing potential of A. africana
both in vitro and in vivo with the goal of finding new drugs
for treatment and management of wounds.

2. Methods

In this review, we obtained information from original peer
reviewed articles published in scientific journals, with a focus
on the botany, distribution, and potential of A. africana for
treatment and management of wounds. We critically searched
electronic literature databases including but not limited to
Google Scholar, PubMed, and Scopus for all available peer
reviewed data. The following key search terms were used
(“A. africana” OR “Wild sunflower” AND “wounds” OR
“wound healing” OR “Phytochemicals”) OR (“Phytochem-
icals in A. africana” OR “Wild sunflower” AND “wound”
OR “wound healing”), OR (“Phytochemicals in A. africana”
OR “Wild sunflower” AND “Anti-inflammation” OR “Anti-
microbial”), OR (“Plants” OR “Natural products” AND
“wound” OR “wound healing”) OR (“A. africana” OR “Wild
sunflower” AND “Botany” OR “Distribution”). The data
obtained were verified independently for their accuracy and
any inconsistencies were settled through discussions between
the authors. The final data obtained through discussions
among the authors were then summarized, analyzed, and
compared, and conclusions were made accordingly.

3. Botany and Distribution of Aspilia africana

The genus Aspilia is a genus of common herbaceous flowering
plants which are native to Africa and comprised of approxi-
mately 140 species [18, 64]. Morphologically, A. africana is a
herb measuring about 1-2m in height covered with bristles;
stem is stiff at the base, with many branches and rough to
touch (Figures 1(a) and 1(b)); leaves are rough, opposite,
ovate-lanceolate, creased accordion-style covered with tri-
chomes, average 10 cm long and 5cm wide, and rounded

Evidence-Based Complementary and Alternative Medicine

at the base with petioles about 1cm long with 3 prominent
veins (Figure 1(c)); inflorescence consists of capitula which is
terminal, solitary, or in lax racemes with hairy stalk of about
7 cm long on average; flowers have numerous showy-yellow
florets; fruits are 4-angled achenes (Figure 1(d)) [12, 64, 65].
A. africana is native to Africa occurring in a number of
countries throughout the tropical African region on waste
land of the savanna and forested zones between altitude of
800 and 1800 m (Figure 2), and its rapid growth characteris-
tics make it a difficult weed in cultivated land and fallows [65].

4. Toxicological Effects of Aspilia africana

Generally, this unique wound healing plant can be classified
among agents with low toxicity [66]. In an in vivo study by
Okokon et al. [67] using Swiss albino mice, the acute toxicity
of the ethanolic extract of the plant showed that doses of
2000 mgkg ™' and above were lethal to the animals and the
determined LD5 of the extract was 1414.2 mgkg ™. Further, in
vivo study by Oko et al. [68] on Swiss albino mice concluded
that oral administration of up to 10,000 mgkg™" body weight
of aqueous and ethanolic extracts of the plant was safe for
animal and human use. However, a recent study showed that
the aqueous leaf extract of A. africana may be teratogenic to
the developing placenta of Wistar rats in a dose-dependent
manner; more severe outcomes were observed in female
rats that received up to 1250 mg/kg body weight of the
aqueous extract [69]. Similarly, other previous studies also
showed that intraperitoneal administration of the extracts of
A. africana leaf caused significant delay in estrus cycle and
in addition did not only distort the histology of ovaries and
reduce its weight, but also damaged the uterine tissues and
fallopian tubes in Wistar rats [17, 67, 70, 71]. Furthermore,
methanolic extracts of A. africana have also been found to
significantly decrease the weight of testis, epididymis, seminal
vesicle, and prostate gland of experimental male Wistar rats
[72]. Therefore, despite the safety associated with A. africana,
caution must be taken during its long term oral consumption
as it may have adverse effects on reproductive organs.

5. Effects of Leaf Extracts of Aspilia africana
on Wound Healing

A. africana is one of the many medicinal plants containing
large quantities of bioactive compounds making it such a
potent plant in wound sepsis treatment and management and
other microbe induced disease conditions [19, 20]. Over the
years, several in vitro and in vivo scientific studies have been
conducted to validate the wound healing ability of this plant.
In an in vivo study by Eweka and Eweka [73]; they examined
the effects of aqueous extract of A. africana administered
orally for fourteen days on the duodenum of adult Wistar rats
exposed to varied concentrations of hydrochloric acid. The
histological findings indicated sections of the small intestine
of treated rats showed varying degrees of cellular proliferation
and epithelia regeneration. This showed that A. africana
consumption may have antiulcer effects on duodenal ulcer
by its healing effects on the Brunnals gland and epithelia
cells of the small intestine of adult Wistar rats. Similarly,
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FIGURE 1: The morphological illustration of the main features of A. africana. (a) A. africana plant with numerous branches. (b) A. africana
stem with numerous bristles. (c) Simple leaf of A. africana, oppositely arranged on the plant. (d) Inflorescence of A. africana consisting of

outer ray and inner disc florets.

earlier study by Nguelefack et al. [74] also showed that
the methanolic extract of fresh leaves of A. africana at the
dose of 1g/kg reduced gastric lesion in the pylorus ligated
rats by 52%, a further proof of the potential of A. africana
in wound healing. In a study by Attama et al., 2011 [75]
where they examined the methanol leaf extract of A. africana
formulated as gels for its potency on experimentally induced
wound in rats, 100% wound closure was observed by the
17th day of treatment in both gel formulations of the plant
methanolic extract and the standard gel, an indication of
effectiveness of A. africana in wound healing. Similarly, a
study by Osunwoke et al. [76] on the wound healing effects
of the leaves extract of A. africana on Wistar rats showed
that the rate of contraction of the excised wounds in the
experimental group on days 6 and 9 was significant (P<0.05)
with a mean wound closure of 12.6+1.17 cm compared to those
in the control group which was 15.0£1.86 cm. Furthermore,
they observed that the concentration of neutrophils and
macrophages was intense in the experimental group relative
to than the control group in the excised tissue samples. The
total wound closure and increased inflammatory response
suggests that the aqueous extract of the leaves of A. africana
promotes wound healing activity through increased inflam-
matory response and neovascularization. In another in vivo

experimental evaluation by Okoli et al. [12] using Wistar
rats, they observed that the methanolic and hexane extracts
and methanolic fractions of A. africana significantly (P<0.05)
reduced bleeding (clotting time) in the rats and caused vary-
ing degrees of inhibition of the growth of microbial organisms
known to cause wound infections such as Pseudomonas
fluorescens and Staphylococcus aureus. The study showed that
the extracts reduced epithelialization period of wounds that
were experimentally excised in the rats, hence validating
the fact that A. africana possesses constituents capable of
accelerating wound healing. At different concentrations, A.
africana also showed varied stimulating effects on haemato-
logical parameters including white and red blood cells due to
the enormous micronutrients found in the plant [77]. Indeed,
increased haematological changes especially in the red blood
cells count are known to result in increased level of oxygen
supply to the wounds resulting in faster wound healing [78].
Additionally, the wound healing ability of A. africana has
also heavily been attributed to its anti-inflammatory activity
resulting in inhibition of prostaglandins synthesis, decreased
vascular permeability, inhibition of neutrophil migration into
inflamed tissues, and stimulation of lymphocyte accumula-
tion, thus enhancing tissue repair and healing [12]. Indeed,
anti-inflammatory activity is essential for wound healing,
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FIGURE 2: Modifled map on distribution of A. africana [65].

since a long duration of the inflammatory phase causes delay
in the wound healing process [79]. Additionally, the strong
antimicrobial activities of A. africana play a vital role in the
ability of this plant to heal wound sepsis [80-84]. In fact, a
study by Anibijuwon et al. [85] showed that A. africana has
strong antimicrobial activities. These findings further showed
that the anti-inflammatory and antimicrobial agent play vital
roles in wound healing process.

6. The Potential of the Phytochemicals from
Aspilia africana in Wound Healing

As discussed above, in vivo studies have provided strong
pharmacological evidence for wound healing potential of the
extracts obtained from A. africana. The plant is endowed
with myriad of classes of bioactive secondary metabolites

including alkaloids, saponins, tannins, flavonoids, and phe-
nols (Figure 3) [12, 18, 20, 86, 87] and terpenoids [19, 20].
A. africana also contains a number of other compounds
(Table 1) such as sesquiterpenes including f-caryophyllene
and germacrene D, and linolenic acid [20]. The presence of
these phytochemicals suggests that A. africana might be of
medicinal importance and supports the basis for its use in
ethnomedicine as a wound healing plant.

The high content of alkaloids in A. africana may be one of
the major contributing factors to the wound healing activity
of this plant [64, 68]. A number of alkaloids have been known
to have great wound healing activities [18]. In an in vivo
study, topical application of an alkaloid enriched-ointment
exhibited higher dermal healing activity of the wounds on
rats [45]. Similarly, alkaloids have been observed to promote
early phases of wound healing in a dose-dependent manner
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FIGURE 3: The percentage composition of phytochemical analysis of
some of the nonvolatile secondary metabolites in the leaf extract of
A. africana [88].

with the ability to stimulate chemotaxis for fibroblasts in
vitro [89]. Alkaloids have also been observed to enhance
significant wound healing activity (P<0.05) as evidenced by
the increased rate of wound contraction and reduction in the
period of epithelialization [90]. Sahib et al. [21] reported that
the wound healing potential of Ruta graveolens L. plant may
be due to the presence of alkaloids. These findings therefore
suggest that the wound healing potential of A. africana may
be due to the presence of large quantity of alkaloids.

Flavonoids are antioxidants with free radical scavenging
ability and are therefore able to prevent oxidative damage
in cells and have great anti-inflammatory activities [22], a
basis for wound healing. Furthermore, flavonoids are also
known to promote the wound healing process mainly due
to their astringent and antimicrobial properties which are
responsible for wound contraction and increased rate of
epithelialization [23, 24]. Consequently, the wound healing
ability of flavonoids has been observed to be even greater
than that of silver sulfadiazine [25]. Flavonoids have also
been observed to increase collagen synthesis, promote the
cross-linking of collagen, shorten the inflammation period,
and provide resistance against infections, important factors
in enhancing the wound healing process [26]. These findings
in part may be the reason behind the use of A. africana in
the treatment of wounds, ulcers, and burns in traditional
medicine.

Saponins’ antioxidant and haemolytic properties make
them one of the most important secondary metabolites in
the treatment and management of a number of diseases,
including wound healing [28, 29]. Indeed, saponins’ ability
to treat wounds and stop bleeding is due to the fact these
phytochemicals precipitate and aggregate red blood cells
[18]. Saponins are also known to enhance wound healing
by causing wound contraction and bringing about high
collagen deposition [29, 30]. In fact, saponins are also known
to promote angiogenesis during skin wound repair [31].
Therefore, the high quantity of saponins in A. africana could
explain why the plant has got such a potent ability to treat
wounds in traditional medicine.
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The presence of phenols in the plant leaf extract of A.
africana is an indication that the extract may have antimi-
crobial properties [18] which greatly offers a basis for wound
healing.

Tannins have been reported as having astringent activities
which helps to quicken wound healing and treat inflamma-
tions [18]. Owing to its antibacterial activity and NIH3T3 cell
proproliferative effect, tannins have been observed to pro-
mote wound contraction, improve healing rate, and promote
healing of infectious wounds [32]. Specifically, tannins have
been observed to reduce colonization of wounds by S. aureus
resulting in a hasten wound healing [33]. Therefore, the
presence of tannins may be one of the reasons why A. africana
is renowned for wound healing in traditional medicine.

Terpenoids isolated from the leaves of A. africana include
33-O-[a-rhamnopyranosyl-(1—6)- 3-glucopyransyl-
(1—3)-ursan-12-ene, 3p-Hydroxyolean-12-ene, and 3p-
acetoxyolean-12-ene (Figure 4) [27]. Other terpenes present
include a-pinene [34], carene, and phytol [19, 20] (Table 1).

Terpenoids are known to promote the wound healing
process, mainly due to their astringent and antimicrobial
properties, which seem to be responsible for wound contrac-
tion and an increased rate of epithelialization [35]. Carene
(monoterpene) (Table 1) wound healing ability may be due
to its antimicrobial activity in which it can inhibit the
growth of S. aureus and P. aeruginosa in wounds [36-40].
Carene as an example of monoterpenes exhibited strong anti-
inflammatory activity [41]. Therefore, the anti-inflammatory
and antimicrobial activities of carene and other monoter-
penes contained in A. africana somewhat validate the use of
this plant in wound healing.

Alpha-pinene (Table 1) is an organic compound of the
terpene class contained in A. africana [34, 42]. This vital com-
pound was found to have potent anti-inflammatory activity
[43]. The anti-inflammatory activity is due to its ability to
suppress mitogen-activated protein kinases (MAPKs) and the
nuclear factor-kappa B (NF-«xB) pathway which makes it a
vital compound in the treatment of inflammatory diseases
[44]. Beside its anti-inflammatory activity, singly or in syn-
ergy with other compounds, a-pinene has been observed
to have interesting antimicrobial properties [46-48]. An in
vivo study on Pistacia atlantica resin extract with 46.57% «-
pinene as the main content had a concentration-dependent
effect on the healing of burn wounds after 14 days of treatment
by increasing the concentration of basic fibroblast growth
factor (BFGF), platelet derived growth factor, and improv-
ing angiogenesis [49]. Indeed, increased concentration of
basic fibroblast growth factor is known to greatly enhance
wound healing [49, 50]. Therefore, the antimicrobial, anti-
inflammatory, and ability to increase BFGF level may explain
why A. africana with «-pinene as one of the major com-
pounds has been used in wound healing for generations.

Phytol (Table 1) is an acyclic diterpene alcohol with a
percentage abundance of about 13% in the chloroform extract
of A. africana [20]. This phytochemical has been shown to
have wound healing activity. In an in vivo study, topical
application of Stachytarpheta jamaicensis plant extract cream
containing phytol on diabetic excision wound significantly
improved (P<0.05) the percentage of wound contraction
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FIGURE 4: Isolated terpenoids from the leaves of Aspilia africana [27].

(88%) when compared to untreated diabetic rats in a period
of 20 days [51]. It is important to note that wound healing
can be greatly delayed due to infection by microorganisms
[4]. Pseudomonas aeruginosa is one of the most common
bacteria isolated from chronic wounds and can express
virulence factors on the surface proteins affecting wound
healing [52]. Phytol is known to exert antibacterial property
on P, aeruginosa via inducing oxidative stress [53]. Indeed,
this compound is known to have high antimicrobial activity,
high stability, and low toxicity [54]. In addition to the
antimicrobial potential, phytol is also known to be one of the
compounds with highly potent anti-inflammatory property
[55, 56]. An in vivo study showed that phytol attenuated the
inflammatory response by inhibiting neutrophil migration
that is partly caused by reduction in interleukin-1f and tumor
necrosis factor-« levels and oxidative stress [57]. The presence
of phytol in A. africana therefore may explain why this plant
has great antimicrobial and anti-inflammatory activities and
hence its potent wound healing ability.

Caryophyllene (Table 1) is a natural bicyclic sesquiterpene
that is a constituent of many essential oils belonging to a class
of phytocannabinoids, one of the many compounds found
in the extract of A. africana [19]. This compound has been

shown to have potent antimicrobial property [58, 59]. Indeed,
p-caryophyllene has demonstrated selective antibacterial
activity against S. aureus (minimum inhibitory concentration
(MIC) 3+1.0 M) and more pronounced antifungal activity
[60]. Similarly, B-caryophyllene presented rapid bacterial
killing for S. aureus (MIC <1.0 mg/Ml) in 4 h [61]; S. aureus
is one of the main microbial organisms that enhances wound
sepsis [62]. B-caryophyllene has also been shown to exhibit
great anti-inflammatory activity [63, 91, 92]. In a study by
Dahham et al. [93], it was observed that f3-caryophyllene
elicited significant (P<0.01) reduction in paw volumes and
low intensity of fluorescent signal in experimental animals
when compared with negative control. Furthermore, the
result indicated that the compound has a low toxicity, with
high ability of skin penetration, greatly enhancing anti-
inflammatory and analgesic activities making it useful for
prevention and management of inflammation-related dis-
eases, including wounds. Therefore, the antimicrobial and
anti-inflammatory activities exhibited by [-caryophyllene
contained in the extracts of A. africana could explain why this
plant is so effective in wound healing.

Germacrene D (Table 1) is a volatile organic hydrocarbon
compound belonging to the class sesquiterpenes contained



in A. africana plant [27, 94, 95]. The compound possesses
potent antimicrobial, anti-inflammatory, and antioxidant
potentials activities [96-99]. Indeed germacrene D showed
broad spectrum antibacterial activity against important
human pathogenic Gram-positive and Gram-negative bacte-
ria including S. aureus [100-102]. Therefore, the antimicrobial
and anti-inflammatory activities exhibited by germacrene D
contained in the extracts of A. africana could explain why this
plant is so effective in wound treatment and management.
However, more studies on isolated germacrene D needs to be
conducted to validate further its wound healing potential.

Linolenic acid (Table 1) has been reported to have very
strong antimicrobial activity against a number of microbes
including those known to infect wounds and delay its
healing such as S. aureus [103]. In addition, it is also an
important anti-inflammatory agent [104]. Linolenic acid has
been observed to down regulate inflammatory inducible
nitric oxide synthase (iNOS), cyclooxygenase-2, and tumor
necrosis factor-alpha gene expressions through the block-
ing of nuclear factor-kappaB and mitogen-activated protein
kinases activation in lipopolysaccharide-stimulated murine
macrophages cell line (RAW 264.7 cells), which may be the
mechanistic basis for the anti-inflammatory effect of linolenic
acid [105]. The presence of linolenic acid in A. africana
therefore may explain why this plant has great antimicrobial
and anti-inflammatory activities and hence its potent wound
healing ability.

Through synergistic interactions of the different phyto-
chemicals in A. africana, the plant has exhibited very strong
antimicrobial, anti-inflammatory, and antioxidant activities
which are vital components of the wound healing processes.

7. Conclusion

Throughout the world, wounds impose significant health
burdens on millions of people. Consequently, all possible
measures have to be taken to tackle it. Natural products have
been used over the years for treatment and management
of wounds. A. africana is one of the plants with immense
attributes to enhance wound healing. The synergistic effects
of the major phytochemicals in A. africana including alka-
loids, saponins, tannins, flavonoids, 3-caryophyllene, germa-
crene D, a-pinene, carene, phytol, and linolenic acid confer
potent anti-inflammatory, antimicrobial, and antioxidant
activities on the plant. This probably explains why this plant
has such a potent wound healing ability. However, due to
the reported adverse effects on the reproductive organs of
the experimental animal models when administered orally,
we recommend that future clinical studies focus on its top-
ical application for wounds. Furthermore, although several
studies have been carried out regarding chemical screening
in A. africana, our review did not find any study on major
nonvolatile chemical isolation and structure determination
except for a limited study on terpenoids. Therefore, further
studies on A. africana need to be done in this regard. Future
studies also need to focus on the wound healing potential
of the individual isolated compounds in A. africana. Fur-
thermore, more preclinical and subsequently clinical studies
need to be done to validate and understand the mechanism(s)
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of action of these phytochemicals in A. africana either in
isolation or in combination for possible future wound healing
drug development.
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The use of traditional herbal remedies as alternative medicine plays an important role in Africa since it forms part of primary health
care for treatment of various medical conditions, including wounds. Although physiological levels of free radicals are essential to
the healing process, they are known to partly contribute to wound chronicity when in excess. Consequently, antioxidant therapy has
been shown to facilitate healing of such wounds. Also, a growing body of evidence suggests that, at least, part of the therapeutic value
of herbals may be explained by their antioxidant activity. This paper reviews African herbal remedies with antioxidant activity with
the aim of indicating potential resources for wound treatment. Firstly, herbals with identified antioxidant compounds and, secondly,
herbals with proven antioxidant activity, but where the compound(s) responsible for the activity has not yet been identified, are
listed. In the latter case it has been attempted to ascribe the activity to a compound known to be present in the plant family and/or
species, where related activity has previously been documented for another genus of the species. Also, the tests employed to assess

antioxidant activity and the potential caveats thereof during assessment are briefly commented on.

1. Introduction

Human cells are continuously exposed to exogenous oxi-
dants as well as to those produced endogenously during
normal physiological processes. Antioxidants form part of
protective mechanisms that exist in human cells to scavenge
and neutralize these oxidants. Oxidants such as the reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
are involved in several diseases [1, 2]. Antioxidant defenses
are defective in these diseases and therefore it is possible to
limit oxidative damage and ameliorate disease progression
with antioxidant supplementation [3].

With reference to wounds, antioxidants play pivotal roles
that consequently restore normalcy to injured skin. Basal
levels of ROS and other free radicals are essential in almost
all phases of the wound healing process (Figure 1) [4].
During haemostasis, ROS regulates the constriction of blood
vessels to limit loss of blood. Furthermore, ROS facilitates the
migration of neutrophils and monocytes from surrounding

blood vessels towards the injury site. The presence of ROS
and other free radicals in the wound vicinity during the
inflammatory phase of the healing process is also required for
infection control and general maintenance of sterility. Finally,
ROS promotes the proliferation of keratinocytes, endothelial
cells, and fibroblasts, thereby enhancing angiogenesis and
collagen deposition. However, uncontrolled release of ROS
could cause oxidative stress, resulting in cellular and tissue
damage, thereby causing delayed healing [1].

To keep ROS within physiological levels, antioxidants
serve as electron donors, thereby preventing them from cap-
turing electrons from other molecules which ultimately leads
to their destruction [4]. Both nonenzymatic antioxidants
such as glutathione, ascorbic acid, and a-tocopherol, as well
as enzymatic antioxidants like catalase and peroxiredoxin,
have shown potential to normalize high ROS levels and thus
stimulate healing [4]. By normalizing ROS, antioxidants can
enhance their physiological roles and thereby accelerate the
wound healing process. Naturally occurring antioxidants are
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FIGURE 1: Role of reactive oxygen species (ROS) in the wound healing process.

generally favoured over their synthetic counterparts, as the
latter are suspected to cause or promote negative health
effects [5]. This has resulted in the restricted use of synthetic
antioxidants in several countries [6].

This review provides a comprehensive list of African
medicinal plants and isolated compounds with antioxidant
activities, with the aim of highlighting the continent’s rich
herbal resource base for possible management of wounds and
allied conditions. Previous reviews have listed a number of
these African medicinal plants with antioxidant properties
[7-9]. The present work has therefore aimed to expand the list
to include medicinal plant species with antioxidant properties
that are used in different African countries including those
from Madagascar and Mauritius. For the sake of inclusivity,
plants that have been shown to contain compounds that hold
the potential of being novel antioxidants are also consid-
ered. In addition, those with anti-inflammatory properties
were also included due to an earlier observation that the
anti-inflammatory activities of the same extracts could be
explained, at least in part, by their antioxidant properties [10].
Additional efforts were also made to include information,
where available, on their vernacular names, their regional
distribution, and medicinal use and plant parts used for
these preparations or for the isolation of the antioxidant
ingredient(s). Table 1 lists medicinal plants that have been
investigated and have confirmed antioxidant and/or anti-
inflammatory activity and that contain compounds which are
known to have such activities. Table 2 on the other hand
lists medicinal plants that have confirmed antioxidant activity
but the compounds responsible for their antioxidant property
have not yet been identified.

Many edible and culinary herbs and condiments were
also included in these two tables as they were used in
certain instances as medicinal herbs to treat diseases. These
included fruits and seeds of Balanites aegyptiaca, leaves of
Boscia senegalensis, leaves of Entada africana and seeds of
Parkia biglobosa, from Niger [11], also leaves, seeds, and
stem-bark of Mangifera indica from Benin and Burkina
Faso [12, 13], leaves of Cynara scolymus from Ethiopia [14,

15], leaves of Aspalathus linearis from South Africa [16-21],
leaves of Cinnamomum zeylanicum from Madagascar and
Ethiopia [22-24], essential oils from the bark and leaves
of Ravensara aromatica from Madagascar [23, 25], buds
of Syzygium aromaticum from Madagascar [23], seeds of
Trigonella foenumgraecum from Ethiopia and Morocco [26-
28], and oils in seeds of Nigella sativa from African countries
of the Mediterranean region [29-31].

2. Tests Used to Assess Antioxidant Activities
of African Medicinal Plant Extracts

A variety of test systems were employed to assess the
antioxidant properties of the medicinal plant extracts and
compounds listed in Tables 1 and 2. A comprehensive list
of the methods used in antioxidant activity determination,
as well as their merits and demerits, has already been
published [343-346]. The methods used in the determination
of antioxidant activity of natural products and isolated
compounds result in varied outcomes when the same samples
are tested in different laboratories and by other researchers
[347]. Furthermore, results of different methods cannot be
correlated, as contradictory results are usually obtained.
Hence, although several assays are available, none of them
is capable of accurately and completely determining the
antioxidant activity of a test substance because of the complex
nature of the redox-antioxidant system in vivo (Figure 2).
Based on this complexity, antioxidants are broadly classified
as (i) inhibitors of free radical formation, (ii) free radical
scavengers, (iii) cellular and tissue damage repairers, and (iv)
signalling messengers [347].

The inhibition of free radical formation could protect
against oxidative damage by suppressing the formation of
active ROS/RNS. This typically involves reduction or inhibi-
tion of substrates required for free radical formation such as
metal ions like iron (Fe) and copper (Cu). The sequestration
of these metal ions by antioxidant compounds like ellagic
acid and glutathione is known to suppress formation of
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FIGURE 2: Mechanism of antioxidant action in wounds.

hydrogen peroxide (H,O,) and other free radicals [348, 349].
Furthermore, increasing evidence suggests a relationship
between metal overload and several chronic diseases through
the induction of oxidative stress [350]. Therefore, inhibition
of free radical formation using metal ions as targets could be
useful therapeutically. Antioxidant assays designed for this
purpose include the cupric and ferric reducing antioxidant
power (CUPRAC/FRAP). These methods measure the ability
of antioxidants to reduce cupric (Cu*") and ferric (Fe*") ions,
respectively.

Another mechanism by which antioxidants act is through
the suppression of oxidative stress by directly scaveng-
ing active free radicals. Most commonly reported antioxi-
dant assays such as 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS), 2,2'-diphenyl-p-picrylhydrazyl radi-
cal (DPPH), oxygen radical absorbance capacity (ORAC),
Trolox equivalent antioxidant capacity (TEAC), total oxyrad-
ical scavenging capacity (TOSC), and total radical antioxi-
dant parameter (TRAP) are focused on testing the ability to
scavenge free radicals. Furthermore, there are diverse cellular
antioxidant assays that assess the ability of antioxidant com-
pounds and substances to protect cells against excessive free
radical generation. Such assays involve the use of a fluorescent
compound such as 2,7-dichlorofluoroscein to determine the
ability of test samples to quench intracellularly generated free
radicals and inhibit radical formation and lipid peroxidation
[345].

There are also numerous reports of the ability of antioxi-
dants to repair damaged tissues and improve healing. Topical
application of kojic acid and deferiprone, two compounds
with the ability to scavenge free radicals, enhanced healing of
wounds in rats [351]. Also, the mitochondria-targeted antiox-
idant, 10-(6'-plastoquinonyl) decyltriphenylphosphonium,

accelerated wound closure, stimulated epithelialization, gran-
ulation tissue formation, and vascularization, and lowered
lipid peroxidation in mice [352]. Moreover, an antioxidant
peptide (cathelicidin-OAl) promoted wound healing in a
mouse model with full-thickness skin wounds, acceler-
ated reepithelialization and granulation tissue formation by
enhancing the recruitment of macrophages to the wound
site, and induced cell proliferation and migration [353].
Some antioxidants have also been reported to contribute to
healing by enhancing the activity of endogenous antioxidant
compounds and enzymes. The induction of the nuclear factor
E2-related factor 2-(Nrf2) mediated antioxidative pathway by
a thomboid family protein (RHBDF2) promoted healing of
injured tissues, suggesting a relationship between antioxidant
gene induction and healing [354]. Niconyl-peptide enhanced
wound healing and protected against hydrogen peroxide-
induced cell death by increasing the expression of Nrf2
expression in human keratinocytes [355].

The most common tests used to determine the antiox-
idant activity of samples included the assessment of the
ability to scavenge free radicals such as DPPH, ABTS" [16,
19, 35, 62, 85, 94, 98, 99, 139, 158, 175, 184, 187, 266, 282,
302, 356-364], or the hydroxyl radicals [79, 188, 267, 365,
366], as well as the hydroperoxyl radicals by the Briggs-
Rauscher reaction [104]. The ability of the extracts to chelate
metal ions was also determined as further indication of
their ability to contribute in the reduction of free radicals
such as the hydroxyl radical [114]. In addition, assessment
of the ability of these medicinal plant extracts to protect
against lipid peroxidation was also included, which in turn
was measured by the malondialdehyde-thiobarbituric acid
(MDA) test [320, 367], the modified thiobarbituric acid
reactive species (TBARS) assay [18, 22], or conjugated diene
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formation [367]. Moreover, lipid peroxidation was assessed
using the fluorescent probe, diphenyl-1-pyrenylphosphine
(DPPP) [188], or using the inhibition of Cu(2+)-mediated
oxidation of human low-density lipoprotein (LDL) [187, 367].
The ability of extracts to protect against damage to DNA using
the Comet assay was also employed [114, 188].

The antioxidant capacity of the medicinal plant extracts
was determined using either the TEAC or FRAP assays [11,
85, 302, 313, 321, 368]. The ability of extracts to modulate
the gene expression of the antioxidant enzymes, such as
Cu, Zn-superoxide dismutase (Cu, Zn-SOD), Mn-superoxide
dismutase (Mn-SOD), catalase, and glutathione peroxidase
(GPx), was also used as a measure of their antioxidant
properties [293]. The photochemilumiescence (PLC) assay is
a more recent antioxidant capacity assessment method and
was employed for the evaluation of antioxidant capacity of
baobab fruit pulp extracts [369].

Anti-inflammatory properties of these extracts were
assessed by their ability to inhibit 5-lipoxygenases [94, 370,
371] or cyclooxygenase (COX-1 and COX-2) activities [65,
275, 317, 372, 373]. Using the former [374] and the latter
[264, 331] methodologies, respectively, a great number of
South African medicinal plant extracts were screened for
their anti-inflammatory properties. The effect of medicinal
extracts on the biosynthesis of different prostaglandins was
assessed as a measure of their anti-inflammatory effect
[239, 337, 375]. Extracts of Podocarpus species were shown
to inhibit the activities of the COX enzymes [317]. Once
again, using this test, the anti-inflammatory properties of
the aqueous and ethanolic extracts of 39 plants used in
traditional Zulu medicine were screened [376]. The Hen’s Egg
Test-Chorioallantoic Membrane (HET-CAM) assay which
utilizes the CAM’s capillary system in bred hen eggs was
also used to assess the anti-inflammatory activity through
antiangiogenic effects of the ethanol and aqueous extracts of
Drosera rotundifolia and D. madagascariensis [155].

The antioxidant and anti-inflammatory abilities of the
herbal extracts were further assessed by evaluating their abil-
ity to control the production of ROS produced by oxidative
burst in neutrophils stimulated with L-formyl-L-methionyl-
L-leucyl-L-phenylalanine (FMLP) [21, 246]. The inhibition
of neutrophils elastase was used as a measure of anti-
inflammatory property and it was proposed that the presence
of flavonoids such as hyperoside, quercetin, and isoquercitrin
in D. rotundifolia [377] and five flavonoid compounds in
two Polypodium species (P. decumanum and P. triseriale)
[378] were thought to contribute to this anti-inflammatory
activity. These and other in vitro tests were used to assess the
antioxidant properties of three Ghanaian species: Spathodea
campanulata, Commelina diffusa, and Secamone afzelii [63].

Inflammation is a complex mechanism with many path-
ways. Several extracts derived from medicinal plants have
been shown to modulate or inhibit the activities of mediators
of inflammation. For instance, kolaviron, a bioflavonoid
compound isolated from the seeds of Garcinia kola, has
been reported to possess anti-inflammatory and antioxidant
activities via its effects on COX-2 and inducible nitric oxide
synthase (iNOS) by inhibiting the expression of nuclear factor
kappa B (NF-xB) [115]. Quercetin is a flavonoid molecule
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ubiquitous in nature and functions as an antioxidant and
anti-inflammatory agent. Dose- and time-dependent effects
of quercetin have been investigated on proinflammatory
cytokine expression and iNOS, focusing on its effects on
NF-xB signal transduction pathways in lipopolysaccharide-
stimulated RAW 264.7 cells by using real time polymerase
chain reaction (RT-PCR) and immunoblotting. Curcumin, a
yellow pigment of turmeric, has been shown to exhibit anti-
inflammatory activity. Curcumin has been found effective
in the treatment or control of chronic inflammatory condi-
tions such as rheumatism, atherosclerosis, type II diabetes,
and cancer [203]. Calixto et al. reported that the anti-
inflammatory action of active spice-derived components
results from the disruption of the production of various
inflammatory proteins (e.g., cytokines such as tumour necro-
sis factor-alpha (TNF-«), iNOS, and COX-2) [379].

Animal studies were also conducted to assess the
antioxidant properties of several medicinal extracts. The
antioxidant potential of Hypericum perforatum, containing
many polyphenolic compounds, was evaluated on splanch-
nic artery occlusion (SAO) shock-mediated injury [477]
and also against elevated brain oxidative status induced by
amnestic dose of scopolamine in rats [126]. Some medic-
inal plant extracts were tested for their ability to protect
against carbon tetrachloride-, 2-acetylaminofluorene- (2-
AAF-), and galactosamine-induced liver as well as aflatoxin
BI-(AFBI-)induced genotoxicity. Using this test, it was found
that an extract of Garcinia kola seeds [116, 478, 479], a
decoction of Trichilia roka root [270], extracts of Entada
africana [442], and Thonningia sanguinea [98, 480] pos-
sessed protective abilities. The antioxidant properties of
plant extracts against potassium bromate (KBrO(3))-induced
kidney damage showed the ability of G. kola seed extract to
protect the kidneys [481].

Animal studies were also used to assess the anti-
inflammatory ability of a great number of medicinal plant
extracts using the carrageenan-induced rat paw oedema
model. Plants investigated include seed extracts of Picral-
ima nitida [399], crude methanol extract of the root of
Moringa oleifera [469], powdered leaves and root of Mallotus
oppositifolium [167], methanolic extract of Picralima nitida
fruit [400], hot water extract of Alstonia boonei root-bark,
Rauvolfia vomitoria root-bark, and Elaeis guineensis nuts [56],
secondary root aqueous extract of Harpagophytum procum-
bens [303], crude extracts of Sphenocentrum jollyanum [272],
aqueous and methanolic extracts of Hypoxis hemerocallidea
corm [482], aqueous and methanolic extracts of Sclerocarya
birrea stem-bark [483], aqueous extract of Mangifera indica
stem-bark [13], aqueous extracts of Leonotis leonurus leaves
[484], leaf extracts of Bryophyllum pinnatum [148], methanol
extracts of the stem-bark of Alstonia boonei [485], aerial
parts of Amaranthus caudatus [486], methanolic extracts
of Kigelia pinnata flower [415], and leaf and twig extracts
of Dorstenia barteri [276]. In all of these studies, the anti-
inflammatory effect against carrageenan-induced rat paw
oedema was attributed to flavonoids and other polyphenolic
compounds. Animal tests also employed to assess the anti-
inflammatory effects of the medicinal plant extracts included
inflammatory cell response such as neutrophil chemotaxis
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and degranulation [112, 487], antiatherosclerosis effects [486 ],
and pain assessment in experimental animals [117].

The effect of the medicinal plants on the induction or
inhibition of drug metabolizing enzymes was also studied in
animals. The effect of the aqueous extract of Thonningia san-
guinea on 7-ethoxyresorufin O-deethylase (EROD, CYP1Al),
7-pentoxyresorufin O-dealkylase (PROD, CYP2Bl/2), 7-
methoxyresorufin O-demethylase (MROD, CYP1A2), ani-
line hydroxylase (aniline, CYP2EL), p-nitrophenol hydrox-
ylase (PNPH, CYP2El), and erythromycin N-demethylase
(ERDM, CYP3Al) in rat liver was found to selectively
modulate CYP isoenzymes [100] and suppress CYP3A2 and
CYP1A2 gene expression [101].

3. Compounds Isolated from African
Medicinal Plant Extracts with Confirmed
Antioxidant Activities

Several medicinal plant extracts were studied at research cen-
tres in African countries for their antioxidant properties. The
major findings of these investigations have indicated that, in
addition to known antioxidant compounds such as ascorbic
acid in the seeds of Parkia biglobosa [204] and fruits pulp
of Adansonia digitata [369], alpha-tocopherol in methanol
extracts of the stems of Secamone afzelii [62] or from the
seeds [38] and methanol extracts of leaves of Amaranthus
caudatus [39], and apigenin and luteolin in aerial parts of
Bulbine capitata [66], several other antioxidant compounds
were identified. Although known antioxidant compounds
such as ascorbic acid have been confirmed to promote wound
healing, not all the newly identified compounds have been
tested for such activity [488-491].

The identified compounds included mainly flavonoids
such as flavones and flavonols, flavone and flavonol
glycosides, chalcones and dihydrochalcones, and flavonones,
although some anthocyanins, proanthocyanidins, and
anthrones were also isolated with antioxidant properties.
A wide range of plant extracts investigated have been
shown to contain flavonoids. Dorstenia species are rich
in flavonoids some of which are unique to this genus
[67, 205], namely, prenylated flavonoids as found in
Dorstenia kameruniana and twigs of D. mannii [206, 207].
Earlier studies have shown that prenylated flavonoids had
antioxidant properties, which protected human LDL from
oxidation [208]. Those isolated from African medicinal plant
extracts were also tested and their antioxidant properties
confirmed. The antioxidant activities of three prenylated
flavonoids from D. mannii (6,8-diprenyleriodictyol,
dorsmanin  C,  78-(2,2-dimethylchromeno)-6-geranyl-
3,5,3',4'-tetrahydroxyflavonol and dorsmanin E (+)-
7,8-[2"-(1-hydroxy-1-methylethyl)-dihydrofurano] -6-
prenyl-5,3',4'-trihydroxyflavanone) against LDL oxidation
and also their free radical scavenging activity have
been indicated [187]. Similarly, a diprenylated chalcone,
Bartericin A, present in D. barteri leaf and twig extracts
was shown to have potent antioxidant properties. It was
found that this and other prenylated and geranylated
chalcones were as active as the prenylated flavones and
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may account for the anti-inflammatory action of these
extracts [276]. Free radical scavenging activity was also
confirmed for prenylated anthronoids isolated from the
stem-bark of Harungana madagascariensis [121] and for
proanthocyanidins isolated from the bark of Burkea africana
[175]. The anti-inflammatory and antioxidant activities of
kolaviron, a biflavonoid isolated from a Garcinia kola seed
extract to scavenge free radicals, which protect against lipid
peroxidation and H,0,-induced DNA strand breaks and
oxidized bases, were also reported [114, 116-119, 209]. In
addition, the ability of free radical scavenging activity and
ability to inhibit lipid peroxidation of Thonningianin A and
Thonningianin B, ellagitannins, isolated from Thonningia
sanguinea have been shown [99, 366]. The anti-inflammatory
ability of Griffonianone D ((7E)—(6”,7”—dihydroxy—
3",7"-dimethyloct-2" -enyl)oxy-4'-methoxyisoflavone),

an isoflavone present in Millettia griffoniana, has
been  established  [195].  Prenylated  anthronoids,
harunmadagascarins A (8,9-dihydroxy-4,4-bis-(3,3-

dimethylallyl)-6-methyl-2,3-(2,2-dimethylpyrano)anthrone

and B (8,9-dihydroxy-4,4,5-tris-(3,3-dimethylallyl)-6-
methyl-2,3-(2,2-dimethylpyrano)anthrone), harunganol B,
and harungin anthrone from the stem-bark of Harungana
madagascariensis have exhibited significant antioxidant
activity [I121]. Saponins and isofuranonaphthoquinones
isolated from different medicinal plant extracts showed
antioxidant properties and include the saponin, Balanin
1 (3B,123,14f3,163)  cholest-5-ene-3,16-diyl ~ bis  (B-d-
glucopyranoside)-12-sulphate, sterol sulfonated, Balanin
2 (33,208,22R,25R)-26-hydroxy-22-acetoxyfurost-5-en-
3-yl-rhamnopyranosyl-(1—2)-glucopyranoside, and a
furostanol saponin isolated from Balanites aegyptiaca [104].
Isofuranonaphthoquinones isolated from the roots of Bulbine
capitata, 5,8-dihydroxy-1-tigloylmethylnaphtho(2,3-c]furan-
4,9-dione, l-acetoxymethyl-8-hydroxynaphtho [2,3-c]furan-
4,9-dione, and l-acetoxymethyl-5,8-dihydroxynaphtho(2,3-
c]furan-4,9-dione possess antioxidant activities [68]. Though
none of these antioxidant compounds has been directly
assessed for wound healing potential, the enhanced wound
closure observed with treatment of prenylated flavonoids
such as genistein [492] and the demonstrated effect of
chalcones on the inflammation process [493] attest to the
potential of isolated antioxidants in wound management.

4. Crude Extracts of African Medicinal Plants
with Confirmed Antioxidant Activities

The antioxidant properties of a larger proportion of African
medicinal plants listed in Tables 1 and 2 were tested using
either aqueous or organic plant extracts. After confirming
antioxidant properties, a correlation was proposed between
this property and the general groups of antioxidant com-
pounds that are present in these extracts. No further attempts
were made to isolate the specific compounds that may
have contributed towards this property. Flavonoids in Aloe
barbadensis [32], chromone glycosides in A. claviflora [35],
essential oils in Artemisia abyssinica, and Juniperus procera
[79] as well as Helichrysum dasyanthum, H. felinum, H.
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excisum, and H. petiolare [94], proanthocyanidins in Burkea
africana bark [175], polyphenols in extracts of Crataegus
monogyna [321], saponins, and alkaloids in extracts of Leu-
cosidea sericea [210, 211] are all considered as major com-
pounds that have contributed to the antioxidant properties
of these plants. Reports on a number of Barleria species,
which includes B. albostellata, B. greenii, and B. prionitis,
have indicated their anti-inflammatory [212] and antioxidant
capacities [213]. Unlike the isolated compounds, most of the
plants listed for possessing antioxidant activity, including
extracts of Agerantum conyzoides, Euphorbia hirta, Kigelia
africana, and Nauclea latifolia, have been shown to possess
wound healing ability [494-496].

Furthermore, studies have focused on screening a vast
number of plants, used in a specific region, so as to determine
their antioxidant properties, Mali [357], South Africa [19, 188,
267, 364], Cameroon [182, 313], Algeria [85], Ghana [98],
Burkina Faso [266], Madagascar [23], and Mauritius [293],
and anti-inflammatory properties, South Africa [168, 264,
374, 376] and West Africa [400].

5. Discussion and Conclusion

The use of traditional herbal remedies as alternative medicine
plays a significant role in Africa since it features extensively
in primary health care. The search for natural antioxidants,
especially from plant sources, as a potential intervention for
treatment of free radical mediated diseases is an important
research field, especially for those in developing countries.
Many polyphenols, including phenolic acids, flavonoids
(anthocyanins and anthoxanthins), tannins, and lignans, are
known to act as antioxidants and protect against various
pathological conditions such as coronary artery disease and
wounds, in addition to their anti-inflammatory, antimicro-
bial, and anticancer activities [214-216].

Flavonoids are a large group of compounds contain-
ing several hydroxyl groups on their ring structures and
include isoflavonoids and isoflavonoid glycosides, flavones,
and flavone glycosides, flavonols and flavonol glycosides,
anthocyanins, chalcones and dihydrochalcones, aurones,
flavonones and dihydroflavonols, and flavans and biflavonyls.
To date, approximately 9000 different flavonoids have been
identified from plant sources [217]. Great interest has been
dedicated to the antioxidant properties of flavonoids that
may function as potent free radical scavengers, reducing
agents, and protectors against peroxidation of lipids [208,
218]. Reviews have been published documenting numerous
studies on antioxidant efficacy of flavonoids and phenolic
compounds as well as on the relationship between their
antioxidant activities, as hydrogen donating free radical scav-
engers, in relation to their chemical structures. The impor-
tance of the unsaturation in the C ring of quercetin compared
to catechin in the increased antioxidant activity of the former
has been presented [216, 219-223]. Also, the importance of
the position and number of hydroxyl groups on the phenolic
rings in increasing or decreasing the antioxidant properties
of these compounds has been emphasized [216, 219-223].

Although many flavonoids have been isolated
from different African medicinal plant extracts, the
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structure-activity  relationship of these compounds
has not yet been investigated. Recent studies have
also shown that some flavonoids are modulators of
proinflammatory gene expression, thus leading to the
attenuation of the inflammatory response [224]. Examples
of these include the lipophilic flavones and flavonols 5,7-
dihydroxy-2',3',4' 5’ -tetramethoxyflavone, 5,4'-dihydroxy-
7,2’,3',5'-tetramethoxyﬂavone, and 5,7,4’-trihydroxy-2’ 35
trimethoxyflavone isolated from Psiadia punctulata [225] and
Dinklagin B and C isolated from Dorstenia dinklagei [226].
Isolated flavone and flavonol glycosides include kaempferide
3-O-beta-xylosyl (1—2)-beta-glucoside, kaempferol 3-O-
alpha-rhamnoside-7,4'-di-O-beta-galactoside, kaempferol
3,7,4'-tri-O-beta-glucoside and quercetin  3-O-[alpha-
rhamnosyl (1-—6)] [beta-glucosyl (1—2)]-beta-glucoside-
7-O-alpha-rhamnoside from Warburgia ugandensis, and
quercetin-7,4’-disulphate from Alchornea laxiflora [159].
Flavanones and dihydroflavonols include dorsmanin I
and J and epidorsmanin F and G isolated from Dorstenia
mannii [227] and Dinklagins A, isolated from the twigs
of Dorstenia dinklagei [226] and two flavones isolated
from the twigs of Eriosemna robustum [182] and la,3f3-
dihydroxy-12-oleanen-29-oic (1), 1-hydroxy-12-olean-30-oic
acid (2), 3,30-dihydroxyl-12-oleanen-22-one (3), and 1,3,24-
trihydroxyl-12-olean-29-oic acid (4), a new pentacyclic
triterpenoid (la, 23-dihydroxy-12-oleanen-29-oic acid-3§-
O-2,4-di-acetyl-l-rhamnopyranoside) (5) from Combretum
imberbe [138]. Anthocyanins isolated include the cyanidins 3-
O-(2"-galloyl- 3-galactopyranoside) and 3-O-(2"-galloyl-6" -
O-a-rhamnopyranosyl- 3-galactopyranoside) from Acalypha
hispida [228] and cyanidin 3-O-B-D-glucopyranoside
and cyanidin 3-O-(2-O-B-D-xylopyranosyl)-5-D-
glucopyranoside from Hibiscus sabdariffa [266]. When
revising the literature, it became apparent that even though
most of these medicinal plants and compounds have
confirmed antioxidant activity, not many of them have
been screened for wound healing potential. As there is
an association between antioxidative therapy and wound
healing, research in this direction is as imminent as it is
important. Furthermore, structure-activity studies on the
isolated compounds from African medicinal extracts will be
of great interest.

Antioxidants may exert their protective effects via differ-
ent mechanisms at different stages of the oxidation process.
There are those that are able to inhibit the production of free
radicals via their ability to chelate transition metal ions and
those that are able to quench and stabilise free radicals [229,
230]. Additionally, they are further subdivided into categories
according to their functions [230]. Such classification of
the newly isolated antioxidant compounds from African
medicinal plant extracts is warranted to better understand
their antioxidant properties.

It should be noted that the antioxidant activity of the
extracts and compounds listed in this review was mostly
determined using either single assays or in vitro analysis. It is
therefore possible that some of these extracts and compounds
may not show antioxidant activity when alternative testing
methods are used. Furthermore, although in vivo studies
are encouraged, most studies cited used in vitro assays. As
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antioxidant activity in vitro does not necessarily translate to
activity in vivo, due to pharmacokinetic and pharmacody-
namic processes that occurs in vivo, it is possible that samples
may not be active when tested in animals. Activity of such
samples should therefore be confirmed using animal models.

Additionally, attempts should be made to identify the
compounds responsible for the proven antioxidant properties
where not yet done, and in cases where they have been iso-
lated, their wound healing properties should be investigated.
If the activity of the compounds and plants identified in this
review is confirmed in vivo, they could serve as viable sources
for the treatment of wounds in future.
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Ouratea fieldingiana (Gardner) Engl is popularly used for wound healing. This study describes the main chemical compounds
present in extracts of O. fieldingiana and evaluates their biological potential by investigating antifungal, antioxidant, and
anticholinesterase activities. The action mechanism of main antifungal compound was investigated by molecular docking using the
enzyme sterol 14-o demethylase, CYP51, required for ergosterol biosynthesis. The seeds and leaves were extracted with ethanol in a
Soxhlet apparatus and by maceration, respectively. Both extracts were subjected to silica gel column chromatography for isolation
of main constituents, followed by purification in sephadex. The structures of compounds were established by 'H and *C-NMR
spectroscopy and identified by comparison with literature data as amentoflavone and kaempferol 3-O-rutinoside, respectively. The
antioxidant activities of the extracts were determined by the DPPH and ABTS free radical inhibition methods. In general, the
extracts with the highest antioxidant activity corresponded to those with higher content of phenolic compounds and flavonoids.
The ethanol extracts and two isolated compounds presented relevant antifungal activity against several Candida strains. The in silico
findings revealed that the compound amentoflavone coupled with the CYP450 protein due to the low energy stabilization (-9.39
kcal/mol), indicating a possible mechanism of action by inhibition of the ergosterol biosynthesis of Candida fungi.

1. Introduction in Ceard and Rio Grande do Norte states (Brazil). This family

presents tropical and subtropical characteristics, with arbo-
This work investigates the therapeutic potential of Ouratea real, shrubby, and rare herbaceous representatives, including
fieldingiana, a shrub of the Ochnaceae family, found mainly ~ about 40 genera and 600 species.
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The oil of O. fieldingiana seeds, extracted by decoction,
is popularly used for healing skin wounds [1]. The oil
obtained by extraction with hexane from O. fieldingiana
seeds presented antibacterial and antifungal activities [2]. The
results of another study showed that the anti-inflammatory
activity O. fieldingiana seed oil was also associated with the
presence of phenolic compounds and fatty acids [3]. The
treatment with Ouratea sp. seed oil showed a collagen effect,
which may be associated with the high levels of omega-6 and
omega-9. Finally, [4] concluded that Ouratea sp. oil has good
therapeutic potential in a model of cutaneous wound healing.

Plants of the Ouratea genus contain several types of fla-
vonoids, like flavones, flavonols, isoflavones, chalcones, and
anthocianins in the form of monomers, glycosides, bi- or bis-
flavonoids, like hexaspermone, amentoflavone, agatisflavone,
robustaflavone, and lanaraflavone. The biflavonoid 7"-O-
methylagatisflavone (from O. hexasperma), amentoflavone
(from O. semiserrata), and the acetylated derivative of amen-
toflavone presented DNA inhibitory activity to poisomerase
type I, and potent inhibition of the growth of Ehrlich
carcinoma cells [5].

Alzheimer's disease is neurodegenerative and has a strong
socioeconomic impact, being associated with neurotransmit-
ter deficits in the brain [6]. A known treatment for this disease
is restoration of the cholinergic function, for which com-
pounds that inhibit the acetylcholinesterase enzyme (AChE)
improve the content of the neurotransmitter acetylcholine
[7]. Then the oil and extracts of O. fieldingiana were also
tested for inhibitory activity of acetylcholinesterase (AChE),
aiming for new compounds to fight against Alzheimer’s
disease.

The wound healing action is closely associated with the
antimicrobial [8] and antioxidant [9] activities of medicinal
plants, so in this study several extracts and constituents of
O. fieldingiana were evaluated as antioxidant and antifungal
activities against Candida strains.

It is estimated that Candida infections (Candida albicans,
Candida parapsilosis, Candida glabrata, Candida tropicalis,
and Candida krusei) [10] correspond to 80% of the fun-
gal infections detected in the urinary and blood flow of
patients, as well as in the surgical environment [11]. Polyenes,
flucytosine, and azole drugs are the most recommended for
the treatment of Candida infections [12]. Some drugs with
antifungal properties have inhibited the enzyme sterol 14-«
demethylase, CYP51 [13], which is required for the biosyn-
thesis of ergosterol, essential for the fungal membrane main-
tenance [14]. Thus, recently in silico studies examining the
drug-protein interaction by the molecular docking method
[15] have become a powerful tool to characterize possible
compound activity in a given protein [16].

2. Materials and Methods

2.1. General Experimental Procedures. The isolation of com-
pound was performed in an open column chromatography
(60 cm length and 3 cm diameter) using silica gel 60 (60-120
mesh size, Merck) as stationary phase, being eluted with
solvents hexane, chloroform, ethyl acetate, and methanol
in mixtures of increasing polarity. The compounds were
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visualized by UV detection and/or sprayed with a solution
of vanillin/sulphuric acid/EtOH. The 1D and 2D NMR data
were acquired with a Bruker Avance DPX-500 spectrometer.
Chemical shifts, given on the & scale, were referenced to
the residual undeuterated portion of the deuterated solvent
CDCl;.

2.2. Plant Material. Leaves, branches, and seeds of O. fieldin-
giana collected in the city of Itapipoca, Ceard, Brazil, were
used. An exsiccate with plant parts was prepared and
deposited in the Prisco Bezerra Herbarium of the Federal
University of Ceard, under number 57817.

2.3. Preparation of Ethanol Extracts with Leaves and Branches
of O. fieldingiana. The plant material was collected and dried
in the sun. After drying, 1 kg of leaves and 590 g of branches
were obtained, which were shredded in a domestic multi-
processor. The leaves were macerated with 10 L of ethanol
PA 96° GL, for seven days at room temperature; then the
solution was evaporated under reduced pressure (40 rpm
at 60°C) leaving the leaf ethanol extract, LEE (50.82 g).
Also, 590 g of branch was placed in 5 L of 96% ethyl
alcohol to obtain the branch ethanol extract, BEE (43.43
g), by the same procedure. The LEE and BEE were passed
through a filtration column and eluted with the solvents
hexane, chloroform, ethyl acetate, and methanol to obtain
the respective fractions, LEE (HF: hexane fraction), LEE (CF:
chloroform fraction), LEE (EAF: ethyl acetate fraction), LEE
(MF: methanol fraction); BEE (HF: hexane fraction), BEE
(CF: chloroform fraction), BEE (EAF: ethyl acetate fraction),
and BEE (MF: methanol fraction).

2.4. Preparation of O. fieldingiana Seed Extracts. 'The crushed
seeds were submitted to extraction with hexane and then

ethanol in a Soxhlet apparatus, obtaining the respective
hexane (SHE) an ethanol extracts (SEE).

2.5. Determination of the Total Phenol Content of the Leaf,
Branch, and Seed Extracts of O. fieldingiana. Extracts samples
(75 mg) were dissolved in 25 mL of methanol and 100
pL aliquots were taken for analysis by the Folin-Ciocalteu
method, which is based on the oxyreduction reactions
between the phenolic compounds and metal ions, causing the
formation of a blue complex, which is absorbed at 750 nm
[17]. A standard curve was prepared with gallic acid. Indicate
formula used in the calculation of total phenol content and
total flavonoid content. The equation for the calibration curve
of gallic acid was Y = 0.0013X - 0.018, where X is the concen-
tration of gallic acid, Y is the absorbance at 750 nm, and the
correlation coefficient R = 0.998. All analyses for calculations
of total phenol content were performed in triplicate. The
results were analyzed by Microsoft Excel 2010 [18].

2.6. Determination of the Flavonoid Content of Leaf, Branch,
and Seed Extracts O. fieldingiana. Quantification of the
flavonoid content of extracts (at the concentration of 2
mg/mL) was performed using 2% aluminum chloride in
methanol in a spectrophotometer, with readings at 425 nm.
A standard curve was prepared with quercetin. The quercetin
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calibration curve equation was Y = 0.04215X - 0.0118, where
X is the quercetin concentration, Y is the absorbance at 425
nm, and the correlation coefficient R = 0.996. All analyses for
calculations of flavonoid content were performed in triplicate.
This test was performed in triplicate and followed the method
proposed by [19].

2.7. Determination of Antioxidant Activity of Leaf, Stem,
and Seed Extracts of O. fieldingiana

2.71. By the DPPH Method. Several solutions of the extracts
of O. fieldingiana were prepared in the following concentra-
tions: 250, 125, 25, 12.5, 1.25, 0.25, 0.125, and 0.025 pg/mL.
The negative control was a DPPH methanol solution and
the positive control was prepared by mixing a standard
(quercetin) and DPPH. Methanol solutions of the extracts
(100 pL) were mixed with 3.9 mL of a DPPH solution;
then the solutions were stored in the dark for 60 minutes
and the reading was performed by spectrophotometer at
the wavelength of 515 nm [18, 20]. The DPPH free radical
inhibition was calculated by the scavenging index (SI5)) =
(Abspppyy — AbSgample) X 100 / AbSgype-

2.72. By ABTS Method (2,2'-Azinobis-(3-ethylbenzothia-
zoline-6-sulfonic Acid). The ABTS™ solution (7 mM, 5 ml)
was mixed with 88 ul of potassium persulfate (140 mM).
The mixture was shaken and kept in the dark at room
temperature for 16 h. Then, 1 ml of this solution was added
to 99 ml of ethanol. The absorbance was read at 734 nm
(0.715). Several solutions of decreasing concentrations of
plant extracts (10000 to 5 pug/mL) were prepared and 3.0 ml
of an ABTS™ solution was added to 30 ul of these solutions,
and after 6 min readings were taken at 734 nm [21]. In order
to evaluate the radical scavenging activity, the percentage of
inhibition was obtained according to the following equation:
IP% inhibition = (Absprs — AbSgymple) X 100 / Abs sprs

The effective concentration of the antioxidant required
to decrease the initial ABTS concentration by 50% (EC;)
was calculated through a linear regression curve plotted with
Excel. To plot the points, the values of the means obtained
from triplicates were used for each of the tests.

2.8. Isolation and Characterization of the Constituents of the
Leafand Seed Ethanol Extracts of O. fieldingiana. The extracts
from the leaves and seeds were passed through a vacuum-
filter chromatographic column and eluted with solvents
of increasing polarities: hexane, chloroform, ethyl acetate,
and methanol. Fractions were obtained and compared by
thin layer chromatography (CCD) for the isolation of the
constituents. The isolated compounds were subjected to
spectroscopic analyses, mainly 'H and *C-NMR nuclear
magnetic resonance and mass spectrometry, to determine the
chemical structures

2.9. Qualitative Determination of Acetylcholinesterase Inhib-
itory Activity. The bioassay consisted of application of the
samples in TLC plates, which were prepared by mixing of 5,5-
dithiobis-2-nitrobenzoic acid (DTNB or Ellman’s reagent)
and a buffer solution of acetylthiocholine iodide (ATCI).

Subsequently, the AChE enzyme was sprayed and after 3 min
the presence of spots (halos) was observed and measured (in
mm) on the yellow plate [22, 23]. Physostigmine was used as
a positive control because it is the best chemical substance to
inhibit acetylcholinesterase.

2.10. Quantitative Determination of Acetylcholinesterase
Inhibitory Activity. The anticholinesterase activity was
quantitatively measured using a Biotek ELISA microplate
reader (model ELX 800 with Gen5 V2.04.11 software), based
on the method described by [16], as modified by [24].

2.11. Antifungal Susceptibility Tests. The extracts SHE, SEE,
LEE, LEE (FM), BEE, and BEE (AF) were tested against
two fungal strains from the culture collection, Candida
parapsilosis (ATCC® 22019™) and Candida krusei (ATCC®
6258™), and two other fluconazole-resistant strains, from the
Laboratory of Bioprospection and Experimentation of Yeasts
of Federal University of Ceard (LABEL). These were seeded
in Sabouraud dextrose agar and incubated at 35°C for 24 h.
In the antifungal tests with amentoflavone and kaempferol
3-O-rutinoside, three strains from the collection were used:
Candida albicans (ATCC® 14053™), Candida parapsilosis
(ATCC® 22019™), and Candida krusei (ATCC® 6258™), as
well as one clinical fluconazole-resistant strain. These were
also seeded in Sabouraud dextrose agar and incubated at 35°C
for 24 h.

The microdilution method was used in accordance to the
document M27-A3 [25], using the culture medium RPMI
1640 (pH 7.0 + 0.1) buffered with 0.165 M of morpholine-
propanesulfonic acid (MOPS) (Sigma, USA). All samples
were prepared in dimethyl sulfoxide (DMSO) (Sigma, USA)
in a maximum 2% proportion to avoid interference in the
microorganism structure. The extracts SHE, SEE, LEE, LEE
(FM), BEE, and BEE (AF) were tested in concentrations rang-
ing from 1000 to 1 #g/mL and the compounds amentoflavone
and kaempferol 3-O-rutenoside in the range from 500 to 0.97
pg/mL.

Compounds were tested together to ascertain synergism
at a concentration range from 2.5 to 0.0049 mg/mL (1:1). An
initial inoculum suspension was prepared from 24 h culture
of the yeasts to be tested, adjusted to 0.5 on the McFarland
scale using Sabouraud dextrose agar. Serial dilutions were
then prepared in RPMI 1640 medium to obtain final inocula
containing 0.5 to 2.5 x 10° CFU / mL. The microplates
were incubated for 24 h at 35°C (£ 2°C). The readings were
performed visually as recommended by the Clinical and
Laboratory Standards Institute (CLSI).

The minimum inhibitory concentration (MIC) was deter-
mined as the lowest concentration of the drug capable of
inhibiting 50% and 100% growth of the microorganism, for
the tests of the substances SHE, SEE, LEE, LEE (MF), BEE,
and BEE (MF) compared to the control also containing only
the culture medium and the standardized inoculum [25]. The
tests were performed in triplicate.

For the tests of the isolated compounds, the minimum
inhibitory concentration (MIC) was determined as the low-
est concentration of the drug capable of inhibiting 50%
growth of the microorganism, compared to that in the



control also containing only the culture medium and the
standardized inocula [25]. The tests were performed in tripli-
cate.

2.12. In Silico Analysis of the Properties of Amentoflavone.
The geometric arrangement of a given molecule can present
structural similarity with other compounds already iden-
tified, establishing a correlation in biological activity [26].
Therefore, the structural data of the amentoflavone molecule
were obtained from the PubChem database [27] for analysis
of the structural similarity by comparison with the Drug-
Bank database, with similarity limit, ST: 0.7 [28]. Then a
three-dimensional optimization of the conformation of the
amentoflavone was prepared using the MarvinSk program
[29], with valence checking and geometric analysis of the
molecule, to minimize the steric hindrance, and the energy
minimization was performed by the MMFF94 force field
[30]. Finally, the theoretical LDs, of the amentoflavone was
calculated by the ProTox server [31], and the toxicity of
the compound was predicted using the Toxin-Toxin target
database (T3DB), which presents 3,673 toxins [32].

2.13. Obtaining the Candida CYP51 Protein Molecule and
Optimization of Its Spatial Structure. The protein Candida
albicans, CYP5I (id: 5v5z), used as a molecular target in the
computational simulations, was obtained from the Protein
Database, PDB [33], and was edited to remove the water
molecules around the surface of the protein and to add polar
hydrogen atoms by the PyMOL 2.0 program [34].

2.13.1. Molecular Redocking and Docking of Itraconazole Cou-
pled to C. albicans Protein. The itraconazole linked to the
catalytic site of the C. albicans CYP51 (PDB: 5v5z) protein was
removed by the PYMOL 2.0 program and then redocked in
the autodock Vina, serving as reference for the docking. The
molecular docking of amentoflavone was carried by addition
Kollman charges [35], using AutoDockTools 1.5.6 [36]. Also,
the chosen program used the protein as input, whereas the
amentoflavone molecule was in the flexible form, having
greater freedom regarding torsion angles in the search for
a favorable conformation [37]. In this way, a grid box was
created respecting the protein group HEME (C,, H;, Fe N,
0,), around the active site of the protein with coordinates x: -
43.454;y: -13.913; z: 23.332, in AutoDockTools 1.5.6 [36]. After
the execution of the program, the molecules with the best
position within the active site of the protein were chosen, with
lower binding energy found in kcal/mol (score = -AG) [38],
and the root mean square deviation (RMSD) was calculated
[39], using the VMD program [40].

2.14. Statistical Analysis. For each parameter evaluated, the
mean + standard deviation (SD) was calculated. In the case
of multiple comparisons between groups, the homogeneity
of the variables involved was tested through the Bartlett
test. When homogeneity was observed between the variables,
analysis of variance (ANOVA) was applied, followed by the
Tukey test. All conclusions were taken at the significance
level of 5% (p < 0.05). The tests were performed in triplicate
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and the values expressed as mean + standard deviation. The
experiment was completely randomized, where the extracts
were the treatments.

In the antifungal test, experiments measuring the sus-
ceptibility of compounds and the expression of synergism
profiles in vitro were performed in triplicate. The geometric
mean of the three trials was used to compare the MICs,
results statistically.

3. Results

3.1. Structural Characterization of Chemical Constituents.
The chromatographic treatment of the seed ethanol extract
led to the isolation of a compound identified by spectral data
in comparison to literature data [41, 42] as kaempferol 3-
O-rutinoside, not previously reported in this plant. The 'H-
NMR spectra of this compound showed several peaks in the
aromatic region from 6.21 to 8.06 ppm and hydrogens of two
sugar units with a signal at 5.12 ppm and another at 4.51 ppm,
characteristic of glucose and rhamnose anomeric hydrogen,
respectively.

The methanol fraction of the leaf ethanol extract was
chromatographed in a silica gel column and a compound
was isolated, whose chemical structure was established by
'H and *C-NMR analyses. The 'H-NMR of this compound
showed several peaks in the aromatic region from 6.29 to 8.41
ppm and the *C-NMR spectrum displayed 30 signals in the
Csp” region, revealing the dimeric flavonoid characteristic.
By comparison with literature data [41, 42] it was char-
acterized as amentoflavone, a biflavonoid present in other
Ouratea species [5]. The chemical structures of two isolated
compounds are displayed in Figure 1.

The complete spectral assignments of hydrogens and
carbons are shown below.

Amentoflavone Assignments. "H NMR (MeOD, 300 MHz): §
6.60 (s, H-3), 6.16 (d, 2.0, H-6), 6.22 (d, 2.0, H-8), 8.14 (d, 2.2,
H-2’), 709 (d, 8.6, H-5"), 7.87 (dd, 8.6, 2.2, H-6"), 6.29 (s, H-
67),7.59 (d, 8.7, H-27),6.64 (d, 8.7, H-37), 6.64 (d, 8.7, H-57),
759 (d, 8.7, H-67).

3C NMR (MeOD, 75 MHz): 8 165.11 (C-2), 102.23 (C-3),
182.36 (C-4), 161.67 (C-5), 98.90 (C-6), 164.95 (C-7), 93.80
(C-8), 155.18 (C-9), 103.78 (C-10), 120.61 (C-1°), 131.40 (C-2’),
122.31 (C-3’), 161.06 (C-4’), 118.25 (C-5), 126.68 (C-6’), 164.21
(C-27),101.80 (C-37),182.58 (C-47), 157.95 (C-57),100.96 (C-
6”), 167.71 (C-77), 106.16 (C-8), 161.54, (C-9), 103.04 (C-
107), 121.89 (C-17), 127.90 (C-2"), 115.38 (C-3"), 160.91 (C-
47),115.38 (C-57), 127.90 (C-6") [42].

Kaempferol-3-O-Rutinoside NMR Assignments. 'H NMR
(MeOD 300 MHz): 8 6.21 (1H, d, ] = 1.9, H-6), 6.41 (1H, d, ] =
1.9, H-8), 8.06 (2H, d,] = 8.8, H-2',6'), 6.88 (2H, d, ] = 8.8, H-
3'5"),5.12 (1H, d, ] = 72, Glc H-1), 4.51 (1H, s, Rha H-1), 0.88
(3H, s, Rha-CHj,), 3.25-3.82 (other H). "C NMR (CDCl, 75
MHz) [41].

B3C NMR (MeOD, 75 MHz): & 159.58 (C-2), 135.68 (C-
3),179.57 (C-4),163.15 (C-5),100.15 (C-6), 166.16 (C-7), 95.09
(C-8),158.71 (C-9), 105.85 (C-10), 121.00 (C-1), 132.51 (C-2),
116.30 (C-3’),161.62 (C-4’),116.30 (C-5’), 132.51 (C-6"), 104.77
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Amentoflavone

Kaempferol-3-O-rutinoside

FIGURE 1: Chemical representation of compounds present in Ouratea fieldingiana.

TaBLE 1: Phenol and flavonoids content and antioxidant activity of O. fieldingiana extracts.

Extracts and Total Phenols Flavonoids DPPH IC,, ABTS
constituents (mg GAE/g)" (mg QE/g)** (ug/mL) (ug/mL)
LEE 35.33 +22.15° 8.978 + 0.267% 4.953 + 0.884" 5.117+2.605"
LEE (HF) 16.03 +14.29 3.798 + 0.284 64.345 £ 0.227 63.210+1.577¢
LEE (CF) 12.70 £ 8.38 1.261 + 0.929 72.436 £+ 0.359 59.613+1.916
LEE (EAF) 23.30 +16.93° 5.216 + 0.523 57147 + 2.085 9.654+0.161°
LEE (MF) 26.89 +9.46° 8.657 + 0.195" 5.394 + 0.03" 5.235+0.195"
BEE 61.81 + 7.15% 7.225 +0.779* 5.898 + 0.291° 4.195+0.0283"
BEE (HF) 9.60 + 3.39 1.517 + 0.241 310.486 + 34.743 194.213+3.418¢
BEE (CF) 8.013 £ 7.403 1.259 £ 0.094 108.386 + 4.653 31.753+2.386¢
BEE (EAF) 32.07 + 1.29° 4.283 + 0.123 7577 £ 0.216" 6.166+0.164"
BEE (MF) 13.69 + 6.99 0.979 +0.198 63.433 + 3.456 62.455+0.018¢
SEF 7.344+1.1482 0.22940.0721 31.324+6.289 23.898+1.036°
SEE 6.007+3.007 0.688+0.095 71.092+1.116 27.676+0.467°
SAE 46.274+19.6° 5.849+0.296 16.096+0.636 64.228+0.298¢
Amentoflavone - - 35.612+2.440 83.306+2.6354¢
Kaempferol ) . 30.962+1.5317 75.752+6.082"

3-O-rutinoside

Quercetin

4.779 + 0.507°

1.738+0.089°

*Total phenols are quantified in milligrams per gallic acid equivalent. *Flavonoids are quantified in milligrams per quercetin equivalent. * Confidence interval:
95%; LEE: leaf ethanol extract (LEE), BEE: branch ethanol extract, SEF: seed ethanol fraction, SEE: seed ethanol extract, and SAE: seed aqueous extract. HE:

hexane fraction, CF: chloroform fraction, EAF: ethyl acetate fraction, and MF: methanol fraction.

(C-17),74.07 (C-2”), 78.32 (H-3"), 71.62 (H-4"), 78.05 (H-5"),
68.74 (H-67),102.58 (H-1""), 72.25 (H-2"), 72.49 (H-3"), 73.62
(H-4"), 69.89 (H-5"),18.05 (H-6", CH,) [42].

3.2. Determination of the Total Phenol and Flavonoids Content
and Antioxidant Activity of Extracts of Leaves, Branches, and
Seeds of O. fieldingiana, Table 1. Regarding phenolic content,
LEE, LEE (MF), BEE, and BEE (EAF) showed the best results.
In relation to flavonoid content, the extracts LEE and LEE
(MF) were better. In general, the more polar extracts had
higher yields of phenolic compounds.

To evaluate the antioxidant activity of the samples, two
different methods, using DPPH' and ABTS™ radicals, were

performed. In the DPPH- test, the ICy, (concentration capa-
ble of inhibiting the radical by 50%) was evaluated and better
results were shown by LEE, LEE (MF), BEE, and BEE (FEA).

In relation to the ABTS" method, the extracts BEE,
BEE (MF), BEE (EAF), LEE, and LEE (MF) presented ICs,
values similar to the standard quercetin. Like the more
polar extracts, which presented higher yield of phenolic
compounds, these also presented higher antioxidant activities
according to both methods.

3.3. Acetylcholinesterase Enzyme Inhibition Test by ELISA.
All fractions were submitted to the quantitative anti-
acetylcholinesterase test to find the IC;, and the results of O.



TaBLE 2: Evaluation of acetylcholinesterase inhibition action of
extracts and constituents of Ouratea fieldingiana.

IC,, in ELISA
(ug/mL)
0.816 + 0.004%
11.89 + 0.048°
36.81 + 0.024¢
5758 + 0.088°
20.51 + 0.387¢
12.15 + 0.003°
9.19 +0.030°
17.70 + 0.030°

Extract

Leaf ethanol extract

Branch ethanol extract

Leaf ethanol extract (MF)
Branch ethanol extract (EAF)
Seed hexane extract

Seed ethanol extract

Seed aqueous extract

Kaempferol-3-O-rutinoside

Amentoflavone 11.92 + 0.046°
Physostigmine (standard) 115 + 0.046°
Eserine (standard; Penido et al., 2016) 19.53 + 0.08¢

Data presented are mean + standard deviation, according to ANOVA fol-
lowed by the Tukey test. Values with different small letters differ statistically
(p<0.05); EAF: ethyl acetate fraction; MF: methanol fraction.

fieldingiana fractions are shown in Table 2. The leaf ethanol
extract showed the best anticholinesterase action, similar
to physostigmine, the alkaloid standard. The biflavonoid
amentoflavone is present in the leaf ethanol extract, but the
extract showed superior results probably due to the synergism
among the main constituents, Table 2.

3.4. Antifungal Tests. In general, the extracts demonstrated
antifungal activity against all isolates except for EHS, and
especially against ATCC strains, because resistant strains
were less active, Table 3.

Among the isolated compounds, amentoflavone was
more active against fungal isolates than kaempferol-3-O-
rutinoside, but the mixture of the two constituents revealed
synergism since MIC 50 values were lower against all strains
tested, Table 4.

3.4.1. In Silico Analysis of the Properties of Amentoflavone. The
atomic coordinates of the amentoflavone molecule, obtained
from PubChem (CID 5281600), had no valence error. In the
geometric analysis, the molecule was optimized by MMFF94
energy = 163.74 kcal/ mol, minimal projection area = 74.63
Az, maximal projection area = 126.50 Az, minimal projection
radius = 6.79 A, maximal projection radius = 9.39 A, length
perpendicular to max area = 10.03 A, length perpendicular
to min area = 18.40 A, van der Waals volume = 432.58 A3,
for improved geometry: MMFF94 energy = 76,24 kcal/ mol,
minimal projection area = 62.78 A?, maximal projection area
= 133.27 A%, minimal projection radius = 6.16 A, maximal
projection radius = 8.65 A, length perpendicular to max area
=9.33 A, length perpendicular to min area = 15.58 A, and van
der Waals volume = 441.42 A’, Figure 2.

In the analysis of the structural similarity by the Drug-
Bank server, amentoflavone (C;yH,;30,,) resembled the
following molecules: (DrugBank-DB02375) - myricetin
(Cy5H,00Oy); (DrugBank-DB04216) - quercetin (C,5sH,;,0,);
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(DrugBank-DB07352) - apigenin (C,5H;,05); (DrugBank-
DB07795) - 3,7,3',4" tetrahydroxyflavone (C,sH,,O,); (Drug-
Bank-DB08230) - 5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)-
4H-chromen-4-one (C;5H,,0,); (DrugBank-DB11259)-
diosmetin  (C;4H,,0¢); (DrugBank-DBI2672) -icaritin
(C51H,(Og). In the toxicity study, amentoflavone obtained an
LD;, of 3919mg/kg, being classified in category 5 according
to the globally harmonized system of classification of labeling
of chemicals (GHS).

3.4.2. Molecular Redocking and Docking. A valuable alterna-
tive for the study of drug-protein interaction is the molecular
docking technique, which evaluates the behavior of a given
molecule within the active site of the protein [43]. Therefore,
in the simulation of the molecule redocking, the itraconazole
pose was obtained at the active site of the CYP51 protein
with the lowest binding free energy of -12.73 kcal/mol, with
the approximation of the itraconazole pose in the native
conformation of the protein CYP51, being observed in the
overlap of the links, lower root mean square deviations,
RMSD > 2.0 A [44], Figure 3.

The residues involved in the interaction were Gly65(A);
Pro230(A); Phe233(A); Ala61(A); Phe380(A); Met508(A);
Ser378(A); Leu376(A); Tyr188(A); Gly303(A); Gly307(A);
and Thr311(A), along with the Hem601(A) group, as shown
in Figure 4.

The amentoflavone molecule coupling with the CYP51
protein, and the spatial conformation with the lowest
free energy of -9.39 kcal/mol, showed 15 binding residues
(Ser378(A); Leu376(A); Val509(A); Met508(A); His310(A);
Gly307(A); Phe228(A); Ile304(A); Phel26(A); Leu300(A);
Leul39(A); Tle131(A); Tyr132(A); Tyrl18(A); I1e379(A)), with
the group HEME (Hem601(A)), performed hydrophobic
interactions, and also two hydrogen bonds with residues:
Glnl42(A), with a distance of 2,65 A, and Phe380(A), with a
distance of 2.75 A, with a root mean square deviation (RMSD)
>2.0 A [44], as shown in Figure 5.

4. Discussion

The wound healing action found for the Ouratea sp. seed oil
displays a collagen effect, attributed to the presence of w-6
and w-9 fatty acids [4]. The main fatty acid in O. fieldingiana
was oleic (43.06%), a w-9 fatty acid, which can contribute
to the healing action. In another work, the effect of the
anti-inflammatory activity O. fieldingiana seed oil was also
associated with the presence of phenolic compounds besides
fatty acids [3]. The activity of antioxidant compounds in a
mixture depends on several physicochemical factors, like the
interactions among other antioxidant compounds and with
other constituents, such as fatty acids linked to phospholipids
or triacylglycerides. Therefore, an individual antioxidant
constituent could give limited results when associated with
other constituents in a plant extract [45]. The seed oil of
O. fieldingiana is also popularly used for wound healing
on the skin. This action can be related to the presence
of phenolic compounds with antioxidant and antifungal
properties, besides the presence of unsaturated fatty acids.
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TABLE 3: Evaluation of the antifungal effect of Ouratea fieldingina extracts against Candida spp.

MIC 50/100 °(ug/mL)

Strains®
Extracts C. pg;l;is(i:losz’s ATCC62CS.8krusei trop(i/;alis pam}iilosis
22019 (R) (R)
SHE >1000/ >1000 >1000/>1000 >1000/>1000 >1000/ >1000
LEE 500/ >1000 7.8 /31.25 500/ >1000 500/ >1000
LEE (MF) 500/ >1000 3.9/31.25 1000/ >1000 125/ >1000
BEE (EAF) 125/ 500 62.5/250 500/ >1000 500/ >1000
BEE 15.62 /> 1000 1.95/15.6 250/ >1000 62.5/>1000
SEE 250 /1000 62.5/250 1000/ >1000 1000 / >1000

Yeast strains isolated from collection. *MIC was defined as the lowest concentration which produced 50% and 100% reduction of fungal cell growth after 24 h
incubation. “The procedure was performed according to protocol M27-A3 of CLSI 2008. The range of compounds tested varied from 1000 to 1.95 yg/mL. SHE:
seed hexane extract; LEE: leaf ethanol extract; LEE (MF): leaf ethanol extract (methanol fraction): BEE: branch ethanol extract, BEE (EAF): branch ethanol

extract (ethyl acetate fraction), and SEE: seed ethanol extract.

TaBLE 4: Evaluation of antifungal effect of amentoflavone and kaempferol against Candida spp. Isolates.

MIC,," (ug/mL)
Strains®

AT(,:C ATC(.: : ATCC C. krusei Camﬁdul
Compounds C. albicans C. parapsilosis 6258 parapsilosis

14053 22019 (R)
Amentoflavone 125 15.62 15.62 250
Kaempferol
O e > 500 250 125 > 500
Amentoflavone
+ kaempferol 1.25 1.25 0.625 2.5

3-O-rutinoside

*Yeast cells isolated from collection. "MIC was defined as the lowest concentration which produced 50% reduction of fungal cell growth after 24 h incubation.
The procedure was performed according to protocol M27-A3 of CLSI 2008. The concentrations of compounds tested ranged from 500 to 0.97 yg/mL.
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FIGURE 2: Optimization of the geometry of the amentoflavone molecule. (a) Before energy minimization by the MMFF94 force field. (b) After
energy minimization by the application of the force field MMFF94.
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FIGURE 3: Overlap of the itraconazole binders to the catalytic site of the protein CYP51.
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FIGURE 4: Conformation of compound submitted to the computational test. (Itraconazole) Pose obtained from re-docking molecule. (PDB-
5v5z) Itraconazole complexed the CYP5I protein in its native conformation.

Plant derived products have been used to treat many
diseases worldwide and are still playing a major role in
healthcare. It is known that the wound-healing process can
be aided by the presence of antioxidants. The presence
of effective antioxidants in various plant extracts is well
known and many plant extracts or plant-derived compounds
possessing high antioxidant properties also show wound-
healing activities [3, 9].

The glycosylated flavonoid nicotiflorin (kaempferol-3-O-
rutinoside), extracted from the seeds, and amentoflavone, a
biflavonoid obtained from the ethanol extract of the leaves
of O. fieldingiana, displayed antioxidant activity, as previ-
ously reported [46]. In that study, the authors showed the
antioxidant activity of several flavonoids and their rutinoside
derivatives, O-glycosides, and dimers, deducing that the

higher the number of hydroxyls, the greater the antioxidant
activity. However, the 3',4'-dihydroxy system, present in
quercetin, used as standard in the study of O. fieldingiana,
probably confers greater antioxidant activity on the molecule.
Infected wounds heal less rapidly, so there is a need
to stimulate the healing process and restore the normal
functions of the affected part of the body, preventing infection
and activating tissue repair processes. Antibacterial and
healing compounds in a traditional remedy can induce this
occurrence and may be beneficial in treating wounds [8].
The oil from the seeds of O. fieldingiana fruits presented
antibacterial and antifungal activities [2]. Our study cor-
roborated this action of the oil and extends it to the leaf
and branch extracts and the constituents amentoflavone and
kaempferol 3-O-glucoside, isolated from the leaves and the
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FIGURE 5: Molecular docking of amentoflavone with the CYP51
protein, characterizing the residues involved in the hydrophobic
interaction and hydrogen bond.

seeds, respectively, which also display antimicrobial activities,
a useful characteristic in the wound healing process. All the
extracts and compounds tested showed antifungal activity
within the tested range (1000 to 1.95 yg/mL) against all iso-
lates, except for the hexane seed extract (SHE). However, the
active extracts showed selectivity for the C. krusei isolate. The
substances amentoflavone and kaempferol 3-O-rutinoside
used in combination showed superior antifungal activity than
the extracts alone.

On the other hand, in the study of drug-protein interac-
tion with the molecular coupling method, it was observed
in the simulation of the molecular redocking of the ligand
(Itraconazole) with the CYP51 protein of Candida albicans
that coupling was established at the catalytic site of the
protein (-12.73 kcal/mol), with a high level of similarity to
the CYP5I native structure site, demonstrating reliability in
the coupling simulations [47] (Figure 2). Furthermore, in
the coupling simulation of amentoflavone with the CYP5I
protein, it was observed that this compound showed favorable
interactions with several residues of the active site of the
protein and the group (Hem601). This result demonstrates
that amentoflavone is a strong candidate as an antifungal
drug, when compared to the Irfan and Abid results [48],
where the molecular fit with 18 synthetic antifungal triazole

derivatives in the CYP51 protein of Candida albicans showed
a free energy range of -9.8 to -7.4 kcal/mol, including the anti-
fungal fluconazole (-8.6 kcal/mol). Moreover, in the present
study, low binding energy (-9.39 kcal/mol) was obtained for
amentoflavone, CYP51, near to that of fluconazole, which is
considered by ANVISA as a drug of choice for the treatment
of fungal infections (especially vaginal candidiasis caused by
Candida species).

Reactive oxygen species (ROS) are directly involved in the
pathogenesis of many diseases and the antioxidants from O.
fieldingiana act by attenuating the cellular oxidative damage.
In this respect, free-radical scavenging was observed in
experimentally induced liver injuries [49].

The search for plants that have antimicrobial and antiox-
idant properties can lead to relatively nontoxic and cost-
effective antifungal products [50]. So, using substances with
antioxidant properties is a useful way to achieve this goal,
since in general good antioxidant plant extracts contain
phenolic compounds like flavonoids and organic acids that
also display antimicrobial activity. Seeds, leaves, and branches
of O. fieldingiana were submitted to maceration with several
solvents to prepare the respective extracts. These extracts
were treated in silica gel chromatographic columns and
two flavonoids were isolated. The structure was elucidated
by NMR analysis and amentoflavone and kaempferol 3-O-
rutinoside were identified.

Biflavones, including amentoflavone, have been reported
mainly in leaves of various Ouratea species [51]. Kaempferol
3-O-rutinoside is an antioxidant found in fruits and vegeta-
bles that fights free radicals, which promote the development
of cancer, besides being a potent promoter of apoptosis
[52]. This substance is much less toxic to normal cells than
standard chemotherapy drugs [53].

The extracts of O. fieldingiana showed excellent antioxi-
dant activity. The standard used was quercetin, a compound
that belongs to the class of the most common flavonoids and
stands out for its great antioxidant potential. The extracts with
the best antioxidant activity were BEE (EAF) and LEE (MF),
those containing the largest amount of phenolic compounds.
The good antioxidant activity presented by the extracts can
be correlated to the presence of flavonoids and other phenols,
present in all samples analyzed.

The results found in this study indicate that this species
has antioxidant chemicals capable of capturing free radicals.
These substances are promising for studies aimed at prevent-
ing diseases due to oxidative stress. However, the antioxidant
tests performed do not allow a precise definition of the
antioxidant effects because they are in vitro. In vivo study is
required to determine whether this medicinal plant can be
used effectively for this purpose [45].

Oxidative damage is considered to be one of the most
important mechanisms involved in the pathogenesis of
Alzheimer’s disease, which results in the chemical mod-
ification of the biological molecules, leading to neuronal
death. It has been reported that plants containing vitamins
(C, E, carotenoids, etc.), flavonoids (flavones, isoflavones,
flavonones, anthocyanins, and catechins), and polyphenols
(ellagic acid, gallic acid, and tannins) possess remarkable
antioxidant activities [54].
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Other studies have shown that the antioxidant capacity
of vegetable oils can be influenced by the concentration of
some tocopherols, such as y- and §-tocopherols, or phenolic
compounds [3, 55]. In a study carried out by [4], the results
of the chemical evaluation (by gas chromatography together
with mass spectrometry) of the fixed oil of Ouratea sp.
detected the major components as being the unsaturated fatty
acids linoleic acid (40.88%) and oleic acid (28.29%), along
with palmitic acid as the saturated fatty acid (20.65%).

The anticholinesterase action of plant extracts in com-
bination with antioxidant properties can also contribute to
complementary therapy for Alzheimer’s disease.

The inhibition of acetylcholinesterase by the ethanol
extract of the O. fieldingiana leaves was excellent, with
IC;, of 0.81ug/mL + 0.004, being statistically equal to the
physostigmine standard, followed by the ethanol extracts of
the seeds and branches and isolated compounds. Compared
to eserine, another standard used as AChE inhibitor, almost
all samples presented activity. Amentoflavone, isolated from
the root extract of Cnestis rustina, demonstrated antidepres-
sant and anxiolytic effects [56, 57], so our findings confirm
the potential of this substance for nervous system problems.

5. Conclusion

O. fieldingiana is a good source of flavonoids, biflavonoids,
and fixed oils and is used in folk medicine, mainly for wound
healing and relief of inflammation and infectious diseases.
It was observed that O. fieldingiana extracts are important
source of antioxidants. It was possible to isolate a biflavonoid
among the more polar constituents of the leaf extracts,
while from the seeds a flavonoid glycoside, kaempferol 3-O-
rutinoside, was identified, which when tested in association
with known antimicrobial agent demonstrated superior anti-
fungal action in relation to all other tested materials.

The in silico findings revealed that the compound
amentoflavone coupled with the CYP450 protein due to the
low energy stabilization, indicating a possible mechanism of
action by inhibition of the ergosterol biosynthesis of Candida
fungi.

Data Availability
The data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

Highlights. (i) This study corroborates the traditional use
for wound healing of O. fieldingiana. (ii) Amentoflavone
was the main constituent of the plant leaf extract. (iii) The
plant extracts displayed antioxidant and anticholinesterase
activities. (iv) The antimicrobial activity was demonstrated in
in vitro and in silico tests.
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Natural products are used widely for preventing intimal hyperplasia (IH), a common cardiovascular disease. Four different cells
initiate and progress IH, namely, vascular smooth muscle, adventitial and endothelial cells, and circulation or bone marrow-derived
cells. Vascular smooth muscle cells (VSMCs) play a critical role in initiation and development of intimal thickening and formation of
neointimal hyperplasia. In this review, we describe the different originating cells involved in vascular IH and emphasize the effect
of different natural products on inhibiting abnormal cellular functions, such as VSMC proliferation and migration. We further
present a classification for the different natural products like phenols, flavonoids, terpenes, and alkaloids that suppress VSMC
growth. Abnormal VSMC physiology involves disturbance in MAPKs, PI3K/AKT, JAK-STAT, FAK, and NF-«B signal pathways.
Most of the natural isolate studies have revealed G1/S phase of cell cycle arrest, decreased ROS production, induced cell apoptosis,
restrained migration, and downregulated collagen deposition. It is necessary to screen optimal drugs from natural sources that
preferentially inhibit VSMC rather than vascular endothelial cell growth to prevent early TH, restenosis following graft implantation,
and atherosclerotic diseases.

1. Introduction

Intimal hyperplasia (IH) is a fibroproliferative disorder
observed in vascular pathogenesis particularly in vessel anas-
tomotic stenosis, atherosclerosis, blockage of vessel grafts,
angioplasty, and in-stent restenosis [1]. IH is characterized
by enhanced cell migration, proliferation, and differenti-
ation that cause narrowing of the tunica intima. Several
cells are associated with initiation and progression of IH,
namely, vascular smooth muscle cells (VSMCs) [2], vascular
adventitial cells [3], vascular endothelial cells (VEC) [4],
and circulating bone marrow-derived cells [5]. These cells

have different origins but may contribute to IH formation.
For example, endothelial cells may undergo endothelial-to-
mesenchymal transition (EndMT) acquiring a fibroprolif-
erative mesenchymal phenotype whereas adventitia-derived
stem cells may migrate to the intimal lesion site and differenti-
ate into fibroblasts. VSMCs play a critical role in the initiation
and development of intimal thickening and formation of
neointimal hyperplasia [6, 7].

Many herbal medicines sourced from plants or foods
have been used to prevent cardiovascular disease over
the millennia. For example, green tea contains various
flavanols that have antioxidative [8, 9], anti-inflammatory
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[10], antimicrobial [11], and hypolipidemic [9] effects. This
pharmacological profile helps prevent atherosclerotic plaque
formation caused by inflammation and oxidative stress.
Red wine, another commonly enjoyed beverage, has long
been believed to be rich in polyphenols [12], which act
as powerful antioxidants. These assist in preventing lower
density lipoprotein oxidation in heart disease and attenuat-
ing development of atherosclerotic disease in the hamster
model [13, 14]. Resveratrol (3,5,4'—trihydroxy—trans—stilbene),
a typical polyphenol extracted from red wine, has been
proven to inhibit proliferation of VSMCs in vitro [15]. Many
natural compounds have been reported to be active and to
have potential utility as clinical medicines. Tanshinone is an
isolate from Salvia miltiorrhiza that has been used against
cardiovascular disease in China [16]. Therefore, many active
compounds with cosmopolitan distribution are being used
as herbal medicines or foods, giving hope for screening for
potential therapeutic agents against IH (Figure 1).

Recent clinical studies have shown that rapamycin A,
an VSMC inhibitor, prevents development of IH-induced
vascular endothelial dysfunction [17]. This nonspecific cyto-
toxicity leads to stenosis and eventually to failure of vascular
reconstruction after injury. Therefore, the ideal drug to pre-
vent restenosis or IH is one that inhibits VSMC proliferation
selectively while having minimal inhibitory effect on VEC
proliferation.

2. Diverse Cells Involved in Vascular IH

As stated earlier, four different cell types are involved in the
initiation and progression of IH. These are VSMCs, vascu-
lar adventitial cells, VECs, and circulating bone marrow-
derived cells (Figure 2). VSMCs play a critical role in the
initiation of intimal thickening and the formation neointimal
hyperplasia. Physiologically VSMCs exist in two phenotypes,
i.e., differentiated cells and proliferating cells, which are
responsible for maintaining the homeostasis and function
of vascular vessels [2, 6]. Stimulation by certain growth
and inflammatory factors, such as platelet-derived growth
factor, tumor necrosis factor-a¢ (TNF-«), and thrombin,
results in dedifferentiation into mature VSMCs [18, 19].
Mature and differentiated VSMCs exhibit loss of contractility
and increased proliferation and expression of ECM protein
and various cytokines. This phenomenon is responsible for
intimal thickening leading to the neointimal hyperplasia
formation that is observed in early-phase atherosclerosis.
Endothelial-to-mesenchymal transition is a phenomenon
where endothelial cells acquire a fibroproliferative mesenchy-
mal phenotype through differential stimulation [20]. These
transitioned endothelial cells mimic fibroblasts and have
increased ECM production and migration capabilities. In
vascular diseases, these transitioned endothelial cells can
quickly migrate and differentiate into smooth muscle-like
cells serving as a potential contributor to IH [21, 22]. EMT
is reported to be modulated by shear stress in an ERKS5-
dependent manner, to contribute to neointimal hyperplasia,
and to induce atherogenic differentiation [23]. In addition
to adventitia-derived stem cells, circulating smooth muscle
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progenitor cells have also been implicated in the pathogenesis
of neointimal hyperplasia [24] and in the recruitment of
endothelial precursor cells after vascular trauma. The pres-
ence of bone marrow-derived cells in solid neointima or
allograft lesions suggests their crucial involvement in lesion
formation following vascular injury [5, 25]. Although various
cells contribute to IH pathogenesis, smooth muscle cells are
the main culprits in lesion formation. Therefore, therapeutic
strategies that maintain VSMCs in a terminally differentiated
state and inhibit their proliferation and migration can be
useful in preventing neointimal hyperplasia.

3. Antiproliferation, Migration, and Cellular
Functions of Abnormal VSMCs as a Target
to Decrease Intimal Hyperplasia

VSMCs in the normal vascular tunica media express a range
of smooth muscle cell markers including smooth muscle
cell myosin heavy chain (MYHI1), 22-kDa SMC lineage-
restricted protein (SM22«/tagln), alpha smooth muscle actin
(ACTA?2), and smoothelin. VSMCs in vitro and in atheroscle-
rosis undergo phenotypic switching with reduced expression
of these markers, while increasing capacity for cell prolif-
eration, migration, and secretion of various ECM proteins
and cytokines. These phenotypic switches have long been
considered of fundamental significance in IH progression.

Most studies investigating inhibition of VSMCs adopt
drugs like rapamycin, sirolimus, or tacrolimus to induce
VSMC apoptosis and cell cycle arrest at G1/S phase, suppress
ROS production, inhibit VSMC migration, and downregulate
collagen deposition. These approaches do not recover the
mature VSMC immunophenotypes, but they do decrease
neointimal formation and prevent stenosis following vascular
injury. To investigate the anticellular function of drugs on
VSMCs many models have been established in vitro and in
vivo. For the in vitro experiments, inflammatory cytokines
like TNF-« or some growth factors such as platelet-derived
growth factor (PDGF) are used for inducing abnormal
proliferation and migration of VSMCs. For the in vivo exper-
iments, IH is usually induced using the vascular endothelial
denudation model or carotid artery ligation injury.

Dietary supplements and traditional herbal medicines
are complementary medication approaches used in every
society and are widely used for preventing IH in Asia and
in other developed countries [26]. Many herbal drugs and
foods have been verified as suppressing abnormal VSMC
growth and inhibiting intima formation. The positive effects
of the herbal medicines and plants depend on their active
natural compounds including phenols, flavonoids, terpenes,
and alkaloids. These natural products are involved in different
signaling pathways that regulate abnormal VMSCs to attenu-
ate IH.

4. Typical Signal Pathways Involved in Growth
and Physiology of VSMCs in IH Disease

The six signaling pathways involved in most drug inhibitory
VSMC studies (Figure 3) are mitogen-activated protein
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kinases/extracellular signal-regulated kinase (MAPKs/ERK),
phosphatidylinositol ~ 3-kinases/Akt  (PI3K/Akt), Janus
kinase-signal transducer and activator of transcription
(JAK-STAT), focal adhesion kinase (FAK), and nuclear
factor kappa-light-chain-enhancer of activated B (NF-«B).
MAPKs are involved in cell proliferation, differentiation,
mitosis, cell survival, and apoptosis [27]. Three major
families of MAPKSs are extracellular signal-regulated kinase
(ERK) [28], p38 kinase, and c-Jun N terminal kinase
(JNK). These contribute to the two important signaling
pathways, Ras/ERK-MAPK and JNK/p38-MAPK, which
are involved in regulating VSMCs [29]. In antiproliferation
studies of VSMCs, PI3K/Akt signaling pathway includes
many key factors such as GSK3f, p21, and p27, which
all inhibit cyclins and CDKs thereby interfering with cell
cycle processes. GSK3f is one of the critical downstream
molecules of the Akt signaling pathway involved in cell
proliferation, metabolism, growth, and survival. It is
reported that cyclin D is regulated by GSK3f [30] and that
activation of GSK3p leads to exportation into cytoplasm for
proteolysis, thus downregulating cyclin D1 expression [31].
The JAK-STAT signaling pathway transmits information
from extracellular chemical signals to the nucleus resulting
in DNA transcription and expression of genes involved
in immunity, proliferation, differentiation, and apoptosis
[32]. The downstream proteins in this pathway include
cyclin D, p21, Bcl-2, and c-Myc, which are all directly
involved in growth, apoptosis, and cell cycle progression
in VSMC studies [33]. FAK is involved in cellular adhesion
and migration [34]. FAK is typically located at structures
known as focal adhesions, which are multiprotein structures
including actin, filamin, and vinculin which link the ECM
to the cytoplasmic cytoskeleton [35-37]. In addition, FAK
interacts with PI3K and p53 [38, 39] and with the PI3K/Akt
and MAPKs signaling pathways that are involved in cell
cycle regulation. NF-«B controls many genes involved
with inflammation which are crucial to progression of
diseases including arthritis, asthma, and atherosclerosis

[40, 41]. Inflammation also mediates abnormal movement
and growth of VSMCs, while suppressing inflammation
could attenuate neointimal hyperplasia significantly [42-45].
Therefore, different signaling pathways are involved in
VSMC inhibition, which provides preferential protein targets
for future drug screening.

5. Different Natural Compounds Being Used
for Preventing Neointimal Formation and
Focus on VSMCs

5.1. Flavonoids Regulate Cell Cycle and Functions Inhibit-
ing VSMCs Proliferation and Migration. Flavonoids are dis-
tributed throughout the plant kingdom and fulfill a diverse
range of biological and pharmacological effects such as anti-
inflammatory [46], antioxidant [47], antibacterial [48], anti-
tumor [49], and antidiarrheal activities [50]. For treatment
of cardiovascular disease, flavonoid studies have focused
on reducing hypertension, risk of atherosclerosis, oxidative
stress, and related signaling pathways in blood vessel cells,
as well as modifying vascular inflammatory mechanisms
[51, 52]. In this review, we described the chemical structure,
category, source, and mechanism of action of some typical
flavonoids that suppress VSMC function and inhibit IH
(Table 1).

Nobiletin is widely distributed in citrus fruits and has
been reported to inhibit VSMC proliferation and migra-
tion in vitro [44]. In addition, carotid balloon injured rats
given nobiletin 25 mg/kg/day by gavage had significantly
decreased neointimal hyperplasia via regulation of the ROS
derived NF-xB pathway and decreased serum TNF-« and
IL-6 concentrations [44]. Cyanidin-3-O-glucoside, an antho-
cyanin flavonoid, inhibited TNF-«-induced NoxAl (a type
of NADPH oxidase) and downregulated expression of both
TNF-a and NoxAl at transcriptional and translational lev-
els [53]. (2S)-Naringenin, a typical flavonoid isolated from
Typha angustata, inhibited PDGF-BB-induced proliferation
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TaBLE 1: The structure, cells, category, source, and mechanism of typical flavonoid compounds on inhibiting VSMCs proliferation and

migration.
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of VSMCs via a GO/GI arrest by suppressing cyclin D1/E and
CDK 2/4 [54]. Hu and colleagues found that icariin reduced
the amount of ox-LDL-induced proliferation of VSMCs
through suppression of PCNA expression and inactivation
of ERK1/2 [55]. Puerarin, isolated from Radix puerariae,
exerted inhibitory effects on high glucose-induced VSMC
proliferation via interfering with PKCf2/Racl-dependent
ROS pathways, thus resulting in attenuation of neointimal
formation [56]. Alpinetin is a well-known flavonoid isolated
from a variety of plants such as Alpinia katsumadai, Amo-
mum subulatum, and Scutellaria rivularis. It may have some
protective effects on VSMCs as it decreases LDH leakage
and inhibits production of NO in TNF-a-induced VSMC
[57]. Hesperetin, a flavonoid, inhibits PDGFa-BB-induced
PASMC proliferation via the AKT/GSK3p signaling path-
way through upregulating p27 expression while suppressing
cyclin DI/E, CDK2/4 and p38 [58]. Pinocembrin reduces the
increased ERK1/2 phosphorylation that occurs in response to
angiotensin II in both rat aortic rings ex vivo and VSMCs
in vitro [59]. Glyceollins, which are isoflavonoids, inhibit
PDGE-BB-induced hVSMC proliferation and migration by
downregulating CDK2, cyclin D1, pPDGFr- 3, phospholipase
Cyl, Akt, and ERK1/2 and interfering with ROS generation,
while upregulating p27*%! and p53 expression levels [60].
Morelloflavone is a biflavonoid, which has been found to
block injury-induced neointimal hyperplasia via inhibition
of VSMC migration and downregulation of FAK, Src, ERK
and RhoA expression [61]. Some studies have demonstrated
that a natural flavonoid, kaempferol, may induce miR-21.
This results in downregulation of ROCK4, 5, and 7, which
are critical for cytoskeletal organization and cell motility,
leading to decreased cell migration [62]. Finally, green tea is
beneficial for health due to its antioxidant, anticarcinogenic,
anti-inflammatory, and antiradiation effects [63-65]. A large
number of flavonoids, especially flavan-3-ols (“catechins”),
inhibit IH in a rat balloon injury model through upregulation
of TIMP-2 expression to modulate MMP activity [66]. From
the above review, flavonoids are an important candidate com-
pound type for screening natural drugs capable of inhibiting
VSMC growth.

5.2. Polyphenols as an Antioxidants Restrain VSMC Pro-
liferation and Migration to Attenuate IH. Polyphenols are
distributed widely in vegetables and plants, green tea, black
tea, and red wine. Recent studies have shown that they possess
antioxidant, anti-inflammatory, and cardioprotective eftects
[67-69]. Some typical polyphenols prevent IH by restrain-
ing VSMC function including proliferation, migration, and
fibrosis (Table 2). Salvianolic acid B is a typical polyphenol
that is usually isolated from Salvia miltiorrhiza. It markedly
reduces neointimal thickness by inducing neointimal cell
apoptosis through upregulating p53 expression levels [70].
In another study, salvianolic acid B protected hAECs and
neointimal formation through inhibition of LDL oxidation by
reducing ROS generation [71]. Magnesium lithospermate B, a
derivative of salvianolic acid B, prevented diabetic atheroscle-
rosis via the Nrf2-ARE-NQOIL transcriptional pathway [72].
Magnolol (a phenol) is a powerful antioxidant that inhibited
balloon injury-induced rabbit IH by downregulating MCP-1
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expression [73]. In another work, magnolol inhibited VSMC
migration via the cytoskeletal remodeling pathway through
inhibition of Sl-integrin expression, phosphorylation of FAK
and MLC20, and activation of RhoA and Cdc42 [74]. Lithos-
permic acid, a polyphenol, arrested cell cycle progression
at the G1 phase via downregulating expression of cyclin D1
and inhibiting ROS generation and ERK1/2 phosphorylation
[75]. Moreover, lithospermic acid attenuated LPS-induced
VSMC migration by inhibiting MMP-9 expression in a
dose-dependent manner (25-100 ymol/L). Hispolon blocked
balloon injury-induced neointimal hyperplasia via inhibition
of VSMC proliferation. It also inhibited VSMC migration
by lowering MMP-2/9 expression and increasing TIMP-
1/2 expression through suppression of the FAK signaling
pathway [76]. Lim and colleagues were of the view that
obovatol blocked the cell cycle in G1 phase by downregulating
expression of cyclins and CDKs, while selectively upregulat-
ing expression of p21“P', a well-known CDK inhibitor, both
in vitro and in vivo [77].

Some studies have shown that curcumin (diarylheptanoid
phenol) has potent antioxidant properties, which can be used
for attenuating neointimal hyperplasia [78]. Curcumin has
also been shown to inhibit PDGF-induced VSMC migration,
proliferation, and collagen synthesis in a concentration-
dependent manner [79], with a concentration range of 0.01
to 10 ymol/L inhibiting VSMC proliferation and migration.
Curcumin-coated stents inhibited neointimal formation in
the rabbit iliac artery stent model. Moreover, curcumin inhib-
ited LPS-induced MMP-2 activity in rat VSMCs through
Ras/MEKI1/2 and NF-«B signaling [80].

Curcumin shows the ideal biological effects of inhibiting
abnormal VSMC proliferation and migration without com-
promising VEC proliferation or delaying reendothelializa-
tion after blood vessel injury. Curcumin inhibited platelet
adhesion to brain microvascular endothelial cells by decreas-
ing expression of P-selectin, E-selectin, and GPIIb/GPIIla
in a concentration-dependent manner (30-240 pmol/L).
Curcumin antagonized the detrimental effect of rapamycin
on aortic endothelial cells in vitro, through upregulation
of eNOS [81]. Hence, curcumin very selectively inhibited
abnormal VSMC functions, such as PDGF-induced prolif-
eration or migration, without impairing VECs. As a result,
curcumin has been regarded as an ideal drug for attenuating
atherosclerosis and restenosis. In summary, polyphenols
exhibit beneficial and wide ranging biological effects relevant
to prevention of IH. Polyphenols are worthy candidate
compounds to be screened as natural drugs for inhibiting
VSMCs.

5.3. Terpenes Suppress Abnormal VSMC Function against
Neointimal Formation. Terpenes are proven cell cycle
inhibitors for various cell types, especially tumor cells
[82, 83]. Like similar compounds with active sites for
regulating VSMC mitosis and DNA synthesis, terpenes
lead cell proliferation and function arrest via cell cycle
blockade or apoptosis induction (Table 3). Betulinic acid,
a typical terpene, has been reported to inhibit growth and
proliferation of VSMCs via arresting G1/S cell cycle in a dose-
dependent manner [84]. A monoterpene, (S)-(-)-perillic
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TaBLE 2: The structure, cells, category, source, and mechanism of typical polyphenols compounds on inhibiting VSMCs proliferation and

migration.
Compound name Structure Cells and animals Category Sources Mechanism
R NeCs; HAECs and (1) p53 T; NeCs apoptosis, (2)
. 'U,:« e H(ﬂ_;’_ i cholesterol-fed Salvia ROS |; LDL oxidation |; lipid
Salvianolic acid B o 0 rabbits; Polyphenol Tiorrhiz deposition |, (3) PCNA [;
% “'(;E* rTASMCs and rats rmtoriiza NQOIL |; via Nrf2-ARE-NQO1
o balloon injury pathway
Caffeic acid PN
affeic aci i .

Honeybee Blocking G0/1 to S phase;
phenethyl ester )\)\/\QOH rASMCs Polyphenol propolis pp38 T;HiFla T3HO-17
(CAPE) on

0 OH
g MMP2 [;MMP9 |; TIMP-1
Hispolon o rTA-A10-VSMCs Polyphenol  Phellinus linteus  T;TIMP-2 T; pFAK |; pERK1/2
OH ;PI3K/AKT |
D SR Zinciber Inhibit DNA synthesis;
[6]-shogaol HO'[‘[‘J rASMCs Phenols 8 activation of (Nrf2)/HO-1
b officinale
pathway
O OH Widely (grapes,  c-Src |, Racl |, cdc42 |, IRS-1
Resveratrol Ho O ~ ncTASMCs; Polvphenol blueberries, 1, MEKK1 |,
v mASMCs YP raspberries, and MEKK4 |; p-Src; pFAK |;
o etc.) pAKT |; pERK1/2 |
OH =
45 o) Sulvia ROS |; pERK1/2 |; cyclin DI |;
Lithospermic acid 0/ 30 rTASMCs Polyphenol iltiorthiz arresting cell cycle progression
¥° onm mutiorinza at the G1 phase; MMP9 |
O » O OH
\ Com Cholesterol-fed (1) MCP-1 |, (2) Reduce
=) rabbits; Magnolia collagen type I deposition;
Magnolol e g‘\ﬁ rVSMCs; rats Polyphenol officinalis Bl-integrin |;pFAK |;pMLC20
v balloon injury 1; RhoA |;Cdc42 |
; rASMCs; rats . Magnolia Blocks the cell cycle in G1
Obovatol balloon injury Biphenol obovata phase; CDKs |;p2lcipl |
(1) Inhibits PDGF Receptor
Binding; PDGFr |; pERK1/2 |;
rTASMCs; pAkt |, (2) P-selectin |;
. RN ynf_;‘[fm rabbit artery E-selectin |; GPIIb/GPIIIa |,
Curcumin N injury; VECs; Phenols - Curcumalonga  3y'\\ipy [, pRas |; MEK1/2
RAECs 1; NF-«B p65 |, (4) Curcumin

protects aortic endothelial
cells; eNOS T; caveolin-1 |

acid, has been reported to decrease protein prenylation
leading to DNA synthesis and inhibition of VSMCs [85]. A
sesquiterpene lactone, parthenolide, arrested VSMC G0/G1
cell cycle via upregulating p2l and p27 It also increased
IxBa expression and reduced Cox-2 expression in a time-
dependent manner [86]. A special terpene, plumericin,
arrested VSMCs in the G1/GO phase of the cell cycle along
with causing abrogated cyclin D1 expression, hindered
Ser®®7/811_pRb protein [87], and blockade of STAT3 signaling
via S-glutathionylation. Paclitaxel, a diterpenoid, has been
used as an anticancer drug for decades and has been shown
to prevent neointimal formation in oral administration
studies [88]. Moreover, paclitaxel arrested VSMC G1/S phase
by upregulating p21 and p53 in vitro [89]. Epothilone D is a
paclitaxel-like microtubule-stabilizing agent that was isolated

originally from the myxobacterium Sorangium cellulosum.
It inhibits neointimal hyperplasia through blockade of
VSMC CDK2 and pRb [90]. B-Elemene protected VECs
from injury induced by H,O, in vitro via downregulating
MDA while upregulating T-AOC, SOD, GSH-Px, and CAT
[91]. Meanwhile, B-elemene selectively inhibited VSMC
proliferation/migration and inhibited neointimal formation
in vivo following vascular injuries [91]. Recent studies
have indicated that artemisinin effectively inhibited VSMC
proliferation induced by TNF-« through apoptotic induction
of the caspase pathway and cell cycle arrest [92, 93]. It also
significantly inhibited neointimal formation in rat balloon
injured carotid arteries. Therefore, terpenes are also notable
candidate compounds for screening natural drugs capable of
inhibiting VSMCs.
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TaBLE 3: The structure, cells, category, source, and mechanism of terpenes on inhibiting VSMCs abnormal proliferation, migration, and

functions.
Compound name Structure Cel} sand Category Sources Mechanism
animals
Various plant sources Inducine Gl Arrest and
Betulinic Acid VSMCs Terpene widespread throughout & .
¢ . Apoptosis
PN the tropics
. Sesquiterpene ; GO/Gl cell cycle arrest; p21 T;
Parthenolide rVSMCs lactone Tanacetum parthenium p27 T; IxBa T;Cox-2 |
Iridoid Block STAT3 signaling; arrest
Plumericin rAVSMCs (Terpene) Himatanthus sucuuba ~ VSMCs in the G1/G0-phase;
P cyclin DI |; pRb |
Rat balloon
injury;
4 O>\i§ o o hCASMCs (1) prevent neointimal
. o o AL (CC-2583) . . . formation via oral
Paclitaxel = Rl and VSMCs Diterpenoid Taxus cuspidata administration, (2) arrest G1/S
O~ & (CC-2571); hase; p21 T; p53 T
p p p
rTASMCs
and VECs
= //kfl rTASMCs;
Epothilone D e IR ]: " carotid artery  Diterpenoid Sorangium cellulosum CDK2 [; pRb |
583 injury
hUVECs and
VSMCs . Antioxidant; Casp 3/7/9 T;
B-elemene ! (A7r5); rat Terpene Curcuma wenyujin o
- Migration |
balloon
74 o
injury
(1) arrest GO/G1 phase; cyclin
rVSMCs and DI1/E |; CDK2/4 |; caspase 3/9
. ratballoon  Sesquiterpene . T; Bax T; Bcl-2 |, (2) PCNA |;
Artemisinin injury; lactone Artemisia annua caspase 3T; Bax T; Bax/Bcl-2
rTASMCs ratio T
o
OH
(S)-(-)-Perillic acid H,C rASMCs Monoterpene Widely Protein prenylation |

CH;

5.4. Alkaloids Exhibit Antiproliferation Biological Effect on
VSMCs. Alkaloids are a group of naturally occurring chem-
ical compounds that mostly contain basic nitrogen atoms.
Alkaloids have diverse biological effects including those
against tumors, hypertension, and pain. For vascular IH,
some studies indicate that alkaloids hinder cell cycle progress,
decrease ROS production, and inhibit VSMC migration
(Table 4). A classic alkaloid, piperine, selectively inhibits
VSMC proliferation with an IC50 of 11.8 pumol/L without
influencing VEC growth [94]. Coptisine was isolated from
Coptis chinensis and suppresses VSMC proliferation selec-
tively at lower concentrations with a GIy, of 3.3 ymol/L
(1.2 ug/mL) [95]. Vinpocetine, a potential derivative of

vincamine, inhibits high glucose-induced proliferation of
VSMCs by preventing ROS generation and affecting MAPK,
PI3K/Akt, and NF-xB signaling, Wang, Wen, Peng, Li,
Zhuang, Lu, Liu, Li, Li, and Xu [96]. Vinpocetine arrested
GI/S phase of the cell cycle by downregulating cyclin D1 and
pERK1/2. Alongside these effects, vinpocetine also inhibited
VSMC migration and ROS production [97]. A quinazolinone
alkaloid, halofuginone, selectively inhibited cell proliferation,
ECM deposition, and type I collagen synthesis in VSMCs
versus VECs, which attenuated injury-induced IH [98].
Carbazole or murrayafoline A inhibited PDGF-BB induced
abnormal proliferation of VSMCs by downregulating cyclin
D1/E, CDK2/4, and PCNA and phosphorylation of Rb [99].
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TaBLE 4: The structure, cells, category, source, and mechanism of alkaloids on inhibiting VSMCs abnormal proliferation, migration, and

functions.
Compound name Structure Cells and animals Category Sources Mechanism
Piperine rASMCs Alkaloid Piper nigrum Selectively inhibit VSMCs
Coptisine rVSMCs Alkaloid Coptis chinensis Arrest G1/S phase
(1) ROS |; apoptosis |; pAkt |;
rl:/a il\ffrfi?irft pINKI/2 |; TxBa |; PCNA |;

. . ) y.’ Alkaloid Lesser periwinkle cyclin D |; Bcl-2 |, (2) Arrest
Vinpocetine rASMCs and mice . . .

. vincamine plants G1/S phase; cyclin D1 |;
carotid artery Kipl 1. 4 Lok o tion:
ligation injury p27°"" T; inhibit migration;

& pERK1/2 |; ROS |
. P N Quinazolinone . . ECM synthesis and deposition
i
Halofuginone BOGR: ) bASMCs alkaloid Dichroa febrifuga 1;Col 1|
. Glycosmis .
. O Carbazole Arrest G1/S phase; cyclin DI/E
Murrayafoline A e @ rASMCs alkaloid f;tfﬂ?;ﬁffi 1; CDK2/4 |; PCNA |; pRb |

Review of these recent studies on the effects of alkaloids
provides hope for identification of useful drugs capable of
inhibiting VSMC growth and preventing IH.

5.5. Other Promising Natural Compounds for Preventing
Intima Hyperplasia. As shown in Table 5, emodin is a
typical anthraquinone compound beneficial for prevention
of atherosclerosis due to its effects against inflammation,
proliferation, and migration and its ability to induce apop-
tosis in VSMCs [100]. Moreover, emodin arrested growth
and induced apoptosis and autophagy via enhanced ROS
production and upregulation of p53 expression [101]. Emodin
inhibited VSMC proliferation induced by angiotensin II
through downregulation of PCNA and c-myc expression
[102]. Moreover, emodin showed anti-inflammatory effects
by inhibiting Hey-induced CRP generation, a key inflamma-
tory molecule in atherogenesis in VSMCs [103]. Emodin has
also been shown to inhibit TNF-a-induced hASMC prolif-
eration via caspase signaling and a mitochondrial-dependent
apoptotic pathway by downregulating Bcl-2 and upregulating
Bax expression [104]. Additionally, emodin reduced TNF-«
induced migration of VSMCs by suppressing NF-«xB activa-
tion and MMP2/9 expression levels [105]. Our recent study
demonstrated that emodin efficiently and concentration-
dependently (0.05 to 5 ymol/L) inhibited hVSMC prolifera-
tion more than hVEC proliferation in vitro, with less influence
on reendothelialization of VECs in rat carotid artery balloon
injury [106].

Methyl-protodioscin is a steroidal saponin that has been
reported to inhibit neointimal formation by restraining
VSMC proliferation and migration through downregulation
of ADAMI5, FAK, ERK, PI3K, Akt, and MMP-2/9 expression
levels [107]. Salvia miltiorrhiza has been used to prevent
cardiovascular diseases in traditional Chinese medicine over

the millennia. Tanshinone-IIA is a principal active compo-
nent of Salvia miltiorrhiza that suppresses abnormal VSMC
proliferation by cell cycle arrest at GO/GI phase and inhibits
phosphorylation of ERK1/2 and c-fos expression [108]. It
has been reported that ajoene (1-50 unol/L) interfered with
progression of the G1 phase in the cell cycle and restrained
rat VSMC proliferation via inhibiting protein prenylation
[109]. Gastrodin influenced the S phase entry of VSMCs
and stabilized p27°"*! expression. It also inhibited VSMC
proliferation and attenuated neointimal hyperplasia by sup-
pressing phosphorylation of ERK1/2, p38 MAPK, Akt, and
GSK3 [110]. Genipin has been reported to inhibit TNF-
o induced VSMC proliferation and migration in a dose-
dependent manner by upregulating HO-1 expression, pre-
venting ERK/MAPK and Akt phosphorylation, and addition-
ally blocking generation of ROS [111]. Ginsenoside Rgl is
one of the main active components of Panax ginseng and
is said to arrest G1/S phase in VSMCs by interfering with
GRKs, PKC, and N-ras while upregulating p21 expression
[112]. Vascular IH is significantly decreased when carotid
artery balloon injured rats are intraperitoneally injected with
ginsenoside Rgl for 14 days [113]. Moreover, ginsenoside Rgl
significantly inhibited TNF-a-induced hASMC proliferation
dose-dependently through downregulating cyclin D1, inacti-
vating ERK1/2 and PKB, and upregulating expression of p53,
p21WAF/ CIPLand p275™! [114]. A coumarin called ostruthin
is a major bioactive constituent of Peucedanum ostruthium
and inhibited serum (10%)-induced VSMC proliferation in a
dose-dependent manner [115].

Most foods contain various biologically active con-
stituents that act to prevent and cure neointimal hyperplasia
by inhibiting abnormal VSMC proliferation and migration.
A well-known carotenoid, lycopene, is abundant in tomatoes
and its products and has been reported to inhibit neointimal
hyperplasia in a rabbit restenosis model. It does this by
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TABLE 5: The structure, cells, category, source, and mechanism of promising compounds on suppressing VSMCs

S::::)ound Structure Cells and animals Category Sources Mechanism
/ » Yd rVSMCs and Ferric Inhibit MAPK signaling
Bilirubin ag N \(§ 3 mVSMCs; rat orphvrins Heme pathway; CDK?2 |; Cyclin
= )j*; balloon injury porphy A/DI/E |; pRDb |; YY1 |;p38 |
OYV\/VC:H\
capsaicin [é\ rASMCs Capsaicinoids Chili peppers Inhibit DNA synthesis
(1) Arrest cell cycle, induce
apoptosis and autophagy; ROS
OH 0 OH hUVSMCs; T;p53 71, (2) PCNA [; c-myc |,
. rTASMCs; . . (3) CRP |;ROS |; pERK1/2 |;
Emodin e OH hASMCs; rat Anthraquinone  Rheum officinale p38 |5 PPARy T, (4) Induce
°© balloon injury apoptosis; Bcl-2 |; Bax T, (5)
MMP2/9 |; NF-«B activation
1
OH O OH
J Col I/II |;
Rhein & | J\ A hASMCs Anthraquinone  Rheum palmatum Wnt4/Dvl-1/-catenin |;
miR-126 T
o . . .
Ajoene P P FASMCs Organosulphur Allium sativiim Inhibit protein p.renylatlorll
compound and cholesterol biosynthesis
- UQ«“ Block S-phase; ili
oy . ock S-phase; stabilised
Gastrodin X/ﬁ;o - riiﬁfcisr’l_rice Glucoside Gastrodia elata Bl  p27Kipl; PCNA |; pERK1/2 |;
L on yimjury pp38 |; pAkt |; pGSK3p |
0. 0\
H
- X Gardenia HO-1T; pERK/MAPK |; pAkt
Genipin ) rTASMCs Aglycon jasminoides L;ROS |
HO H OH
N (1) PCNA |; pERK2 |; c-fos |;
" \}Q MKP-11; (2) Arrest G1/S
. . ~J~} - hASMCs; rat Steroid . phase; GRKs |; PKC |; N-ras
Ginsenoside Rel L;in - balloon injury glycosides Panax ginseng 1;p217, (3) Cyclin D1 |; p53 T;
R P2IWAF/CIP1 1; p27KIP1 1;
on inactivate PKB and ERK1/2
0. OH
Ostruthin > SN rTASMCs Coumarins Peuceda'num Inhibit DNA synthesis
ostruthium
TG |; TC |; LDL-C |; HDL-C
. . T; SOD T; T-AOC T; MDA |;
Lycopene T — Rabibn‘.t;rtery Carotenoid Wlf:éycgtr":;zt;’ > PCNA |; pERK1/2 |; Noxl |;
jury ’ p22°" | HMG-CoA |;
ABCA11
) . Arrest G1/S phase; ADAMI5
gﬁitt};’giosdn % Ag ;ﬁ(:gsnl\fﬁrrat Sszergﬁil Dioscorea collettii ~ |; MMP2/9 |; FAK |; ERK |;
<l jury P PI3K |; Akt |
o
E \
. J rASMCs; rat . . . . . Block cell cycle in GO/G1
Tanshinone ITA ‘O balloon injury Phenolic acids  Salvia miltiorrhiza phase; pERK1/2 |; c-fos |
Widely (cruciferous
Q S rASMCs; rat Organosulfur vegetables such as
Sulforaphane S

. broccoli, Brussels
balloon injury

sprouts, and

cabbages)

p21T; p53 T; CDK2 |; Cyclin E
compounds

s PCNA |
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TaBLE 6: The selected potential targets of the compounds.

Idarubicin Halofuginone Piperine pB-elemene Curcumin Coptisine
Seq Predicted target names (most related top 15)
1 MAPT BCHE MAOA MAPT MAPT CHRM4
2 MBNLI ACHE MAOB TDPI TLRY CHRM1
3 MBNL2 MAPKS8 SIGMARI1 CXCR3 TDP1 CHRM2
4 MBNL3 MAPK9 MBNLI SLC6A2 Unknown CHRM5
5 MMP2 MAPKI10 MBNL2 SLC6A3 MBNLI CHRM3
6 MMP9 MAPKI11 MBNL3 LDLR MBNL2 BCHE
7 APP MAPKI14 MAPT VLDLR MBNL3 ADRA2A
8 SNCA HTRIA DRD2 LRP8 GLO1 CYP2D6
9 APLP2 HTRIB DRD3 HSDI11BI AKTI ADRA2B
10 SNCG MAPT HDAC3 BACE1 AKT2 ADRA2C
11 SNCB HTR2A HDACI HSDI11BIL AKT3 ACHE
12 TDP1 DRD2 HDAC2 BACE2 HSD17B3 HTR2A
13 EGFR DRD1 DYRKIA HTRIA HSD17B12 HTR2C
14 ERBB2 OPRM1 HDAC6 HTRID CRYZ HTR2B
15 ERBB3 OPRD1 CTSL1 HTRI1B APP SIGMARI1

regulation of blood lipid concentrations and suppression of
oxidative stress [116]. Sulforaphane, an organosulfur com-
pound, mostly found in cruciferous vegetables significantly
inhibited PDGF-BB-induced VSMC proliferation by upreg-
ulating p21 and p53 expression, while CDK2, cyclin E, and
PCNA expression was suppressed [117].

6. Selective Inhibition of VSMCs versus
VECs Shows Significant

Although many natural products inhibit VSMC func-
tion, most anti-smooth muscle proliferation drugs such as
rapamycin (in-stent coating) also inhibit VEC proliferation
and delay reendothelialization. This nonspecific cytotoxicity
leads to restenosis and final graft or stent implantation failure.
When screening for selective natural drugs that inhibit
smooth muscle cell proliferation and migration, it is nec-
essary to combine computer-aided design, bioinformatics,
and a high-throughput screening platform. In this review, we
selected certain drugs including chemosynthetic (idarubicin)
and some natural (f3-elemene, coptisine, halofuginone, piper-
ine, and curcumin) compounds that possess specificity for
suppressing proliferation of VSMCs over VECs. The chemical
structure of the natural compounds has no typical similarity
and cannot be analyzed using structural-activity relationships
of molecular-protein binding sites. However, an online tool
“Swiss Target Prediction” was used to predict potential targets
of these compounds [118]. Most of the predicted targets of
these drugs were membrane receptors, enzymes, kinases,
proteases, or transporter proteins (Table 6). The analyses
showed that microtubule-associated protein TAU (MAPT) is
the most frequent protein target among them (Figure 4). This
stabilizes microtubules and influences transportation of cel-
lular secretory proteins. Moreover, MAPT has been reported
to accelerate cancer cell growth [119], while its inactivation
through gene knockdown suppressed cell proliferation [120].

Therefore, it is speculated that the diverse affinity of a natural
drug to different functional protein targets may be one of
the key factors for different selectivity profiles on VSMCs or
VECs. Common targets like MAPT could be used as one
of the important indicators in screening selective inhibitory
drugs in future studies.

7. Conclusion

This review highlighted the originating four cells that may
contribute to IH and then focused on VSMCs due to
their involvement in intima formation as a consequence of
abnormal proliferation, migration, and physiology. It further
summarized typical signaling pathways such as MAPKs,
PI3K/Akt, JAK-STAT, FAK, and NF-«kB and their involve-
ment in the abnormal activities of VSMCs. Based on these the
above cell origins and pathways, we organized and classified
different natural isolates including phenols, flavonoids, ter-
penes, and alkaloids that have suppressing effects on VSMCs.
In addition, many natural drugs not only induce apoptosis
and arrest cell cycle in VSMCs, but also impair VECs leading
to vascular restenosis and failure of blood vessel remodeling.
Thus, it is crucial to screen desirable drugs from natural
sources that preferentially inhibit VSMCs versus VECs to
prevent IH in the early stages, restenosis following graft
implantation, and even atherosclerotic diseases.
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FIGURE 4: The compounds potential target: MAPT which is a common target.
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Context. The role of traditional Chinese medicine injections (TCMIs) in diabetic foot (DF) has not been well estimated. Objective.
To evaluate the clinical effective rate, safety, and the financial cost of TCMIs in treating DF and ulcer wound healing. Methods. We
searched PubMed, Embase, CENTRAL, China National Knowledge Infrastructure (CNKI), VIP database, and Wanfang database
from inception to May 2018 to find all randomized control trials (RCTs) related to TCMIs in DF treatment. The search items
were “Traditional Chinese Medicine Injection” AND “Diabetic foot or Diabetic foot ulcer” AND “random”. Study Selection and
Synthesis. Only RCTs of TCMIs combined conventional therapies versus conventional therapies and that can be quantitatively
synthesized were included. Finally, 17 studies and 1294 participants were included after extraction. Two investigators independently
extracted and analyzed the data using RevMan5.3 software. Results. The overall clinical effective rate of TCMI groups is higher
than that of control groups [RR=1.27, 95CI % (1.20, 1.34), P<0.00001] based on fixed effect model analysis. Regarding motor nerve
conduction velocity of median nerve and peroneal nerve, TCMI group showed a significant improvement (MD=3.84[2.28, 5.41],
P<0.00001; MD=2.89[0.63, 5.15], P=0.01). Regarding plasma viscosity TCMI group showed a statistically difference (MD=0.27[0.04,
0.49], P=0.02). In terms of blood viscosity at high shear rate, there was an improvement of TCMI group (MD=0.36[0.05, 0.67],
P=0.02). However, sensory nerve conduction velocity of peroneal nerve and median nerve showed a contradiction to motor nerve
conduction velocity, respectively (MD=2.59(-1.69, 6.87], p=0.24; MD=2.73[-0.96, 6.43], P=0.15). Conclusion. The data of this study
shows that TCMISs can bring benefits to patients with diabetic foot. However, due to low methodological quality of included RCTs,

more rigorous designed RCTs with large sample size are recommended to provide more high-quality evidence.

1. Introduction

Diabetic foot (DF) is the infection, ulceration, or destruction
of tissues of the foot associated with neuropathy and/or
peripheral vascular disease (PVD) in the lower extremity
of people with diabetes [1]. Diabetic peripheral neuropathy
(DPN) and microangiopathy are the most significant risk
factors for DF [2]. It is one of the most severe and costly
chronic complications of diabetes mellitus (DM) [3]. People
with diabetes with foot ulcers experience health expenditures
five times higher than those without foot ulcers [4]. It always
develops from mild or moderate neural symptoms into
diabetic foot ulcers (DFU) on lower extremities even leading
to amputations. The amputation rate population with DM is

ten to twenty times more than the nondiabetic population
[5]. And there is also a twofold risk of mortality for DM
population with a history of DFUs compared to those without
DM [6].

The prevalence of foot ulcers of people having diabetes
mellitus is 4% to 10%, and the annual population-based
incidence is 1.0% to 4.1% [7, 8]. The lifetime incidence of DM
people having DFU could be as high as 25% [9]. Given the
rapid growth of DM population which will increase by 48% in
2045 compared to the number of 425 million [4], we are fac-
ing a rapid growing of DF patients in the following 30 years.

However, the DFU is preventable and a timely treatment
for ulcers can help in the reduction of severe outcomes. A
comprehensive intervention including DFU risk assessments,
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foot care based on prevention, education for patients and
their healthcare attendants, and a multidisciplinary treating
approach will lower foot complications and amputations by
85% at most [4].

Being a widely practiced and long-time-used healthcare
method, traditional Chinese Medicine plays a significant role
in treating DM and glycaemic control [10-15]. According
to IDF DIABETES ATLAS 8th edition, intensive glycaemic
control is the primary preventive method of DFU and
associated with a lower risk of amputation and sensory
numbness [4, 16]. Traditional Chinese medicine injection
(TCMI) is sterile liquid of active ingredients that extracted
from the natural drugs. The TCMIs with the clinical efficacy
of promoting blood circulation to remove blood stasis are
now being widely used in China on preventing and treating
of DPN and they are subsequent [17, 18]. However, there was
no sufficient evidence-based medicine (EBM) support of that
for clinicians and specialists. We performed this systematic
review and meta-analysis to investigate the clinical efficacy
and safety for TCMIs on DFU.

2. Methods

We strictly followed the instruction of Preferred Reporting
Items for systematic reviews and meta-analyses: the PRISMA
statement during the process of this review [19].

2.1. Inclusion and Exclusion Criteria. We included all the
randomized controlled trials (RCTs) applying TCMIs in the
treatment of DFU in patients with DM. Participants are
diagnosed as diabetic foot and there are no restrictions of
age, gender, and course of disease. TCMIs are the injections
extracted from herbs, single or mixture herbal formulas.
Interventions in trial group are one kind of TCMI with basic
care or this TCMI combined conventional therapies with
basic care. The basic care and conventional therapies should
remain the same in the control group in the same RCT.

Exclusion criteria were as follows: O duplicates; @ sys-
tematic reviews and/or meta-analyses; (® catalogue, indexes,
and conferences; @ irrelevant topics; & RCTs using more
than one traditional Chinese medicine injection; and (©
studies that cannot be quantitative synthesized.

There were no limits on publication status or language.

2.2. Search Strategy. PubMed, Embase, CENTRAL, China
National Knowledge Infrastructure (CNKI), VIP Database
for Chinese Technical Periodicals (VIP), and Wanfang
databases were searched from inception to May 2018. The
search items were “Traditional Chinese Medicine Injection or
Zhong Yao Zhu She Ye or Zhu She Ye” AND “Diabetic foot or
Diabetic foot ulcer or Tang Niao Bing Zu or Tang Niao Bing
Zu Kui Yang” AND “random”.

2.3. Data Extraction. Two reviewers screened and extracted
the basic information independently by using a standardized
data extraction form of our own and a cross check had
been made after the extraction. Disagreements were resolved
by discussion and we attempted to contact the authors for
the missing data. We used Zotero5.0 software to manage
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the bibliographies. The information we filled into the form
included the following:

(i) General information: title, authors’ names, journal,

publish date, etc.

(ii) Characteristics of the RCTs: sample size, age, gender,
course of disease, interventions, etc.

(iii) Outcomes

(iv) Adverse reactions

2.4. Types of Outcome Measures

Primary Outcomes. Clinical effective rates are as follows.
Clinical efficacy was defined as one or more Wagner score
reductions after treatment.

Secondary Outcomes. Nerve conduction velocity includes
motor nerve conduction velocity (MCV) and sensory nerve
conduction velocity (SCV).

Hemorheology includes blood viscosity and plasma vis-
cosity.

2.5. Risk of Bias. Two reviewers made the assessment fol-
lowing the Cochrane Handbook for Systematic Reviews of
Interventions 5.1.0 and the systematic review of the method-
ological quality assessment tools [20, 21].

(i) Random sequence generation (selection bias)
(ii) Allocation concealment (selection bias)

(iii) Blinding of participants and personnel (performance
bias)

(iv) Blinding of outcome assessment (detection bias)
(v) Incomplete outcome data (attrition bias)

(vi) Selective reporting (reporting bias)

(vii) Other bias

2.6. Data Synthesis. We conducted this meta-analysis
through Revman5.3 software [22]. The categorical variables
were analyzed by risk ratio (RR) and the continuous variables
take the mean difference (MD) as the effect index, and they
are all with 95% confidence interval (95% CI).

The heterogeneity among the included studies was ana-
lyzed using the chi-square test (the test level was «=0.1), and
the heterogeneity was quantitatively determined using I°. If
there is no heterogeneity or heterogeneity test result is P>0.1
or I* <50%, the fixed effect model was applied for meta-
analysis. Otherwise, we will further identify the sources of
heterogeneity and then reanalyze after reducing the hetero-
geneity. If there still exists heterogeneity, we will run the
analysis with random effects model. Subgroup analyses were
conducted based on types of traditional Chinese medicine
injections and we illustrated the publication bias of primary
outcomes in funnel plot.

3. Results

3.1 Study Selection. We finally included 17 studies from 595
studies. The process is demonstrated in Figure 1.
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CNKI (n=206), WanFang Data (n=263), VIP (n=126)

Records identified through database searching (n=595):

PubMed (n=0), The Cochrane Library (n=0), EMbase (n=0),

Additional records identified

through other sources (n=0)

}

Records after duplicates removed (n=285)

Screen based on titles and abstracts (n=285)

A

4

Excluded (n=260)

\ 4

Full-text articles assessed for
eligibility (n=25)

v

Full-text articles excluded, for the
following reasons (n=8):

A4

1. Improper interventions (n=6)

2. Improper control group (n=2)

Studies included in qualitative
synthesis (n=0)

4

Studies included in quantitative synthesis(Meta-
analysis) (n=17)

FIGURE 1: Flow diagram of study selection and identification.

3.2. Study Characteristics. A total of 1294 participants were
included from the 17 studies [23-39]. All the data were illus-
trated in Tables 1 and 2 including study size, interventions,
and basic information of studies.

All studies utilized Wagner scale for the classification of
DFU patients when initially enrolled [40]. Among them, 13
participants were grade 0 (1%), 232 were grade 1 (17.93%), 358
were grade 2 (27.67%), 140 were grade 3 (10.82%), and 41 were
grade 4 (3.17%). And 510 (39.41%) were without specific grade
classification information.

3.3. Risk of Bias. We used Revman5.3 software to explicitly
report the methodological features for each study (Figure 2).
Regarding random sequence generation, 14 studies reported
“random” without specific method, 2 studies are quasi-
randomized for their obvious selection bias [27, 36], and only
1 study reported using random number table [34]. Regarding
blinding for patients and personnel, 2 studies had high risk
and 15 studies had unclear risk. As for blinding for outcome
assessment, 13 studies had low risk and 4 studies had unclear
risk. Regarding incomplete outcome data, all studies had low



Evidence-Based Complementary and Alternative Medicine

a1ed dIseq
£3or09y10WAY] (€) s1e3 1seq «(p/Swo9r) 21820 (99~8¢)
$A1120[2A UOTINPUOD IATIN] (7) ¥ {(p/Bwoon) 1970 {(p/rwzr) g ThiTh 0102 IYS
{591 9ATIO3Y0 [e10], (1) (P I uoTO3(UT BZIYLIOTIA
e1aTeg punodwo))
aIed OISkY a1ed oIseq (64~95)59
$9JeI 2AT}OYD €307, (1) i {(p/3wQ7) {(p/3w(g) surureposiuy /(18~5) 29 €¢/LE 800Z nI'T
QUTWEPOSIUY {(YN) uonoafur Suoyueq
9718 130[N (€) 2103 Jiseq
Qo (p/Bwoot) (TL~6F)E'SFSE 09
A ‘A3o0ayr0way (7) z ared o1seq wonafu 10X /(SL~16)9519 9¢/9¢ 8007 ur'T
SOIL ALY [41CL (1) sndessiaarg uoradrg
a1ed dIseg
urjoid surm pue uonjouNy [RUSY (5) aIed dISeg (p/3ro1) pessoxdry o
spaad] prdif poorg (z) i “(p/3rio1) “(P/Tw07) \ﬁmzmwm%.ﬂ%.w 0L/0L L10T T8 3d uif
{591 9ATI03Y2 [e10], (1) rpeysoxdry uoTO3(UT BZIYLIONIA
e1Afeg punoduwo))
£3o109y10WAY] (§) aIed OIseqg
¢£315079A UOTIONPUOD JATIN (7) z aIed dIseqg «(p/[wog) wono(ur 113X CSIF69/S71+89 8¢/0¥% 010Z ‘Te 12 9H
{591 9ATIO3Y0 [e10], (1) sndeostadxg uoraSrg
£3oroayrowa 3185 J1sed 01FS
2 D) VN ared dIseq {(p/1wrQr) wondafur (es-19)¢ oree e (c8 1€/1€ 10T ‘[¢ 12 epezIanN
‘s33e1 94139393 [eICL (1) JoeIIXa Bqo[Iq OBYUID) ~€9)S6FSTL
a1ed OISy 2163 JIsed
: (p/31 1pe)soxd
59781 2493y [e30T, (T) ¥ {(p/3rior) mﬂzgﬂww.mgu&% LEFETH/TEFIEY 001/00T L10T ‘[e 32 ono
rpeisoidry JOBIIXd BQO[Iq OSYUID)
£3or0ay10WaL] (§) aIed dISeq
<L3150[9A UOT)ONPUOD 41N (7) 4 aIed OISy “(p/[wp¢) uorydafur Joerixd VN /1% 7102 14D
(591 9ATIO9Y0 [e10], (1) sndeostaaxg uoraSrg
£Sojoayroway (7) o4 ISEe (¥8~¥9)SS°0 F 9€£9
~ F
aIed OISE {(p/[wpz) uonoafur ud
tsaje1 2A1222 [e10L, (1) v el tmw\ua mmw:@ oo /(T8~79) 50 F 90°99 0e/0¢ 810 121D
(sy09Mm) o) 1 (O/1) (0/1)
SaWOANO uoneIn( UOTJUIAINU By azr1s afdureg sar 4pms

‘S9IPN)S papn[dUI 9} JO SONISLIS)ORIRYD dIseq ] H1dV],



a1ed DISBg
S$aYeI 9A1)9Y2 [e30T, (1) (POD)LT oTed diseq {(p/3wps¥) uond3(ur VN 91/0¢ 010C nyZ
SopIsouasur3ojou xeueq
SNJB)S $SA1)S ANBPIXO (7) 2162 JIed 9'9F/'96
T
T o18D DIk {(p/qw ‘e 39 Sud
{59)B1 24130932 8301, (1) 4 rsed QSGMN M meWENQ /€'STT'8S ge/ee ¥I0T T yz
£)15072A UOTIONPUOD JATIN (7) e e L'TF8IS
: : o180 OISE {(p/qux ‘Te 32 Sue
‘53181 2ATI232 3L (1) i seq woms Mmm . mww%g [CTEETS 91/91 800 Te 32 3ueyz,
o718 DISBg (LL~T5)796
S9JeI 9ATIOY2 T8I0, (1) ¢ a1ed DISeq {(p/TwoF) (6L~86)975 GT/ST 8007 'Te 12 nx
uonoa(ur Juoyueg
oo[g pue HMHMH\, BLIDVIY (€) o180 J1sed 68LFIV'6S
+
POOIEP eore 190 % m@ v 14 a1ed JIseq “(P/Tuoy) pahaiven 05/0S L10T Suery
I uonoa(ur Juoyueg
89181 9A11O9Y9 [e10], (1)
o180 OISBg
a1ed JIseq “(p/3r10001~005)
Y ASoposyowsy (g) (p/310001~005) UTUre[eqoddA
ks . UIWe[eqodW {(P/N10TL~087) (89~9%)79 .
S Hapo[an uoRoNpuO> 0N (2) v {(P/N102L~08F) aseuafourun| dyeaIdueq /(TL~87)€9 98/9¢ £0027TE 32 BM
154 ¢ pP/Al 2
= {83181 9ATID3Y3 Te10], (1) aseuaouruny “(p/80€~01)
© oneaIOURg uoTO2(Ur BZIYLIONIA
.m ’1ATeS punoduon
o a1ed DISBg .
e .@ooE squIT[ JoMOT (7) VN oTed dIseq {(p/8wipgz) uonoa(ur (sL~9€)8 wo 02/0T YI0T UM
M S23C 242§ [1CL (1) SopIsouasur3ojou xeueq /(9L~8€)819
= aIed DIseq
© £Sojoayroway (7) : (TIL~19)T'98
> aIed JISe {(p/Tux Sue
i {$9)B1 24130332 8301, (1) v we :o:u%ﬁ wmﬁmwcw qa /(€L~8€)9LS sr/ee 010z SHEM
= oalur
& (S9om) 0 L (O/1) (O/1)
Pm SaWOANO uonjean( UOTJUIAIIU] a8y az1s ojdureg sar4pms
a
m ‘panunuoy) :[ IGV],
®)
el
b
<
[aa]
4
Q
=}
(5]
S
s



Evidence-Based Complementary and Alternative Medicine

Chen 2018

Chi 2012

Guo and Zhang 2017
He and Liao 2011

Jin et al. 2017

Lin 2008

Liu 2008

Nuerzhada and Tan 2018
Shi 2010

Wang 2010

‘Wen 2014

Wu and Sun 2003
Xiang 2017

Yu and Wu 2008
Zhang and Lan 2008
Zheng et al. 2014

Zhu 2010

Random sequence generation (selection bias)

Blinding of participants and personnel (performance bias)

Allocation concealment (selection bias)
Selective reporting (reporting bias)

Other bias

. . Blinding of outcome assessment (detection bias)

2|2 |2 2|2
2|2 |2 ®| -
2@ |@|@ 2 | @
2122 @ C A
N0000EE
2122 @ 2 |2
?

2|22 @ 2|2
2122 @ ®| -
2122 @ 2 |2
2|22 @ 2 |2
2|22 @ C A
2|22 @ ?2 |2
2|2 |2 |@ 2|2

?

o
5
5

0000000 e e e e e e e ® @ @ ommoutcmndsatiinbis
5

FIGURE 2: Risk of bias summary.

risk of bias. Concerning selective reporting, 4 studies had low

risk of bias and 13 studies had unclear risk of bias.

3.4. Meta-Analysis Results

3.4.1. Primary Outcome: Clinical Effective Rate. All the 17
studies and 1294 patients receiving treating were included.

The overall clinical effective rate of TCMI groups is
higher than that of control groups (RR=1.27, 95CI% [1.20,
1.34], P<0.00001). Analysis results of different subgroups
of conventional therapies based on fixed effect model
showed that all TCMI groups outperformed the conven-
tional therapies groups (Danhong injection RR=1.24[L10,
1.41], P=0.0005; Erigeron Breviscapus extract injection
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TaBLE 2: Course of disease.

Study IDs

Women (%)

Course of Diabetes Mellitus (yrs.)

Course of Diabetic Foot

Treatment group Control group Treatment group Control group
Chen 2018 45% 9.19+0.28 (5~15) 9.21+0.33 (6~15) 38.24+1.09 (32~78) days 37.94+0.98 (30~76) days
Chi 2012 NA NA NA NA NA
Guo 2017 41% 9.6%2.9 9.2%3.5 NA NA
Nuerzada 2018 47% (5~14) (5~15) NA NA
He 2010 46% 15+4.2 16+4.5 5.7£L5 yrs. 6.8+1.8 yrs.
Jin 2017 46% 15.92+4.37 (8~20) 16.35+4.42 (8~21) 1.29+0.34 (0.08~3) yrs. 1.3140.26 (0.08~3) yrs.
Lin 2008 46% 11.2 (5~20) 10.56 (6~18) 15.5 (6~66) mos. 18 (4~72) mos.
Liu 2008 46% 11.2 (5~32) NA NA
Shi 2010 50% (5~20) (2~25) NA NA
Wang 2010 50% 11.7 (4~19) 12.4 (3~21) 13 (3~31) mos. 13.8 (2.5~30) mos.
Wen 2014 22.5% 12.4 (2~20) 13.4 (3~21) NA NA
Wu 2003 50% 7.6 (2~20) 7.8 (1.5~22) NA NA
Xiang 2017 42% NA NA 7.8 £ 2.3 mos. 6.9 £2.4 mos.
Yu 2008 40% 11.7 (4~19) 12.4 (3~21) 13 (3~31) mos. 13.8 (2.5~30) mos.
Zhang 2008 40% 5.4+0.3 5.39+0.27 10.1+£0.8 mos. 9.5+1.0 mos.
Zheng 2014 42.4% NA NA 27.0 £3. 9 mos. 29.2 +4.0 mos.
Zhu 2010 65% (5~25) NA NA

RR=1.39[1.19,1.62], P<0.0001; Compound Salvia Miltiorrhiza
injection RR=1.25[1.12,1.38] P<0.0001; Ginkgo Biloba extract
injection RR=1.17(1.08, 1.27] P=0.0003; Panax Notoginseno-
sides injection RR=1.69(1.23, 2.33] P=0.001) (Figure 3).

3.4.2. Secondary Outcomes. All the data were analyzed on
random effect model due to the heterogeneity.

(i) Nerve conduction velocity of median nerve (Figure 4)

MCYV: 4 studies and 262 participants were included [23,
27, 28, 31]. TCMI group showed a significant improvement
(MD=3.84[2.28, 5.41], P<0.00001).

SCV: 4 studies and 263 participants were included [23, 27,
28, 31]. There was no statistical difference between two groups
(MD=2.59[-1.69, 6.87], p=0.24).

(ii) Nerve conduction velocity of peroneal nerve (Figure
5)

MCV: 4 studies and 264 patients were included [23,
27, 28, 32]. TCMI group showed a statistical difference
(MD=2.89[0.63, 5.15], P=0.01).

SCV: 4 studies and 265 patients were included [23, 27, 28,
32]. There was no statistical difference (MD=2.73[-0.96, 6.43],
P=0.15).

(iii) Hemorheology of plasma viscosity (Figure 6)

A total of 5 studies and 256 participants were included [23, 28,
29, 31, 32]. It showed a statistical difference (MD=0.27[0.04,
0.49], P=0.02).

(iv) Hemorheology of blood viscosity (Figure 7)

High shear rate: 6 studies and 428 participants were
included [23, 24, 28, 29, 31, 32]. There was an improvement
of TCMI groups (MD=0.36[0.05, 0.67], P=0.02).

Median shear rate: 4 studies and 268 participants were
included [23, 24, 28, 29]. No statistical difference existed
(MD=-0.02[-0.15, 0.12], P=0.81).

Low shear rate: 4 studies and 268 participants were
included [23, 24, 28, 29]. TCMI groups showed an improve-
ment (MD=1.05[0.14, 1.96], P=0.02).

3.5. Adverse Events. Only 3 studies reported adverse events.
Four patients had facial redness and headache in study of
Chi 2012 [32]. Two patients were with rash and pruritus in
study of Jin 2017 [36] and two with the same symptom in
study of Xiang 2017 [37]. The adverse events were mild and
disappeared afterwards, so there was no sample loss. All the
other studies reported no adverse events happening.

3.6. Publication Bias. We evaluated the possibility of publica-
tion bias by funnel plot of the clinical effective rate (Figure 8).
As shown, it was generally symmetrical representing a low
risk of publication bias.

4. Discussions

4.1. Summary of Main Results. We finally included 17 studies
after extraction. The TCMIs they chose to use as the trail
interventions concentrating on 5 different kinds are Danhong
injection [25-27, 29, 34, 37], Erigeron Breviscapus extract
injection (Dengzhanxixin injection) [24, 31, 32], Compound
Salvia Miltiorrhiza injection (Fufang Danshen injection)
[23, 28, 36], Ginkgo Biloba extract injection (Shuxuening
injection) [35, 38, 39], and Panax Notoginsenosides injection
(Xueshuangtong injection) [30, 33]. And we run the subgroup
meta-analysis based on that.

Regarding clinical effective rate, all the five TCMI groups
showed an improvement compared to conventional therapies
groups no matter if it is the overall rate or subgroup rate,
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Test for overall effect: Z = 8.25 (P < 0.00001)
Test for subgroup differences: Chi’ = 7.52, df = 4 (P = 0.11), I* = 46.8%
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TCMI group Conventional group Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI

1.1.1 Danhong injection

Liu 2008 29 37 22 33 5.1% 1.18 [0.88, 1.58] N

Wang 2010 19 22 12 18 2.9% 1.30 [0.90, 1.87] ]

Xiang 2017 42 50 35 50 7.7% 1.20 [0.96, 1.49] T

Yu and Wu 2008 23 25 18 25 4.0% 1.28 [0.98, 1.67] T

Zhang and Lan 2008 12 16 10 16 2.2% 1.20 [0.75, 1.93] ]

Zheng et al. 2014 27 33 20 33 4.4% 1.35[0.98, 1.86] ]

Subtotal (95% CI) 183 175 263%  1.24[1.10,1.41] >

Total events 152 117

Heterogeneity: Chi’ = 0.61, df = 5 (P = 0.99); I* = 0%

Test for overall effect: Z = 3.47 (P = 0.0005)

1.1.2 Erigeron Breviscapus extract injection

Chi 2012 37 41 25 41 5.5% 1.48 [1.14, 1.93] -

He and Liao 2011 35 40 23 38 5.2% 1.45 [1.09, 1.92] -

Lin 2008 31 36 25 36 5.5% 1.24 [0.96, 1.60] T

Subtotal (95% CI) 117 115 16.2% 1.39 [1.19, 1.62] -

Total events 103 73

Heterogeneity: Chi® = 1.07, df = 2 (P = 0.59); I* = 0%

Test for overall effect: Z = 4.16 (P < 0.0001)

1.1.3 Compound Salvia Miltiorrhiza injection

Jin et al. 2017 65 70 53 70 11.7% 1.23 [1.06, 1.42] -

Shi 2010 37 42 26 42 5.7% 1.42 [1.10, 1.85]

Wu and Sun 2003 35 36 31 36 6.8% 1.13 [0.98, 1.30] T

Subtotal (95% CI) 148 148 242%  1.25[1.12,1.38] <>

Total events 137 110

Heterogeneity: Chi’ = 2.86, df = 2 (P = 0.24); I* = 30%

Test for overall effect: Z = 4.13 (P < 0.0001)

1.1.4 Ginkgo biloba extract injection

Chen 2018 27 30 21 30 4.6% 1.29 [0.99, 1.67] —

Guo and Zhang 2017 95 100 82 100 18.0% 1.16 [1.05, 1.28] -

Nuerzhada and Tan 2018 30 31 27 31 5.9% 1.11 [0.96, 1.29] T

Subtotal (95% CI) 161 161 28.6% 1.17 [1.08, 1.27] L 2

Total events 152 130

Heterogeneity: Chi* = 0.98, df = 2 (P = 0.61); I> = 0%

Test for overall effect: Z = 3.66 (P = 0.0003)

1.1.5 Panax notoginsenosides injection

Wen 2014 18 20 10 20 2.2% 1.80 [1.13, 2.86]

Zhu 2010 27 30 9 16 2.6% 1.60 [1.02, 2.51]

Subtotal (95% CI) 50 36 48%  1.69[1.23,2.33] ——

Total events 45 19

Heterogeneity: Chi = 0.13, df = 1 (P = 0.72); I* = 0%

Test for overall effect: Z = 3.20 (P = 0.001)

Subtotal (95% CI) 659 635 100.0% 1.27 [1.20, 1.34] L 4

Total events 589 449

05 07 1 15 2
Favours conventional group Favours TCMI group

F1GURE 3: Effective rates of TCMI.

respectively.Using TCMISs can significantly raise the rate by
27% (P<0.00001) generally. Danhong injection was most
widely used in clinic; however, evidence showed that it is not
the most effective type to improve the clinical effective rate
(RR=1.24[1.10, 1.41], P=0.0005). Meanwhile, the most effec-
tive type, Panax Notoginsenosides injection (RR=1.69[1.23,
2.33] P=0.001), is being used the least. Therefore, more qual-
ified clinical trials and further researches need to be done.
Regarding the secondary outcomes, evidence suggested
an improvement of TCMI groups in reducing the plasma
viscosity and blood viscosity of high shear rate and low shear
rate. And our evidence also supported an improvement of
MCYV of median and peroneal nerve, whereas no evidence
supported the improvement of blood viscosity of median

shear rate and SCV of both nerves. Given this contradiction,
we consider a further analysis based on more qualified RCTs
would help.

4.2. Strength and Limitations. We included 17 studies and
1294 participants totally. No sample loss happened, and all the
outcomes were integrally reported at last. Regarding blinding
for outcome assessors, 13 studies were evaluated with low risk
of publication bias for they measured objective laboratory
indexes. Also, test for subgroup difference showed no statis-
tical differences (P=0.11, I*=46.8%). With no heterogeneity
(I*=0%, P=0.49) in the analysis of overall clinical effective
rate and a low heterogeneity (the largest I°=30%, P=0.24) in
subgroups, we considered the internal validity moderate.
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Mean SD Total Weight IV, Random, 95% CI

Mean Difference
1V, Random, 95% CI

Mean Difference

TCMI group  Conventional group
Study or Subgroup Mean SD Total
2.1.1 Motor nerve conduction velocity (MCV)
He and Liao 2011 8.51 4.86 40 2.59 225 38 28.2%
Shi 2010 44 35 42 1.1 43 42 28.1%
Wu and Sun 2003 4 36 36 1.1 44 36 26.2%
Zhang and Lan 2008 6.1 4.27 15 3.32 342 13 17.5%
Subtotal (95% CI) 133 129 100.0%
Heterogeneity: Tau® = 1.54; Chi* = 7.81, df = 3 (P = 0.05); I* = 62%
Test for overall effect: Z = 4.81 (P < 0.00001)
2.1.2 Sensory nerve conduction velocity (SCV)
He and Liao 2011 10.69 4.88 40 3.44 238 38 26.6%
Shi 2010 1.6 5.35 42 1.8 5.56 42 25.6%
Wu and Sun 2003 14 56 36 1.6 5.55 36 252%
Zhang and Lan 2008 9.79 609 14 6424358 15  22.6%
Subtotal (95% CI) 132 131 100.0%

Heterogeneity: Tau’ = 17.19; Chi® = 36.46, df = 3 (P < 0.00001); I* = 92%
Test for overall effect: Z = 1.18 (P = 0.24)

Test for subgroup differences: Chi® =0.29,df =1 (P =0.59), = 0%

5.92 [4.25,7.59] —a—
3.30 [1.62, 4.98] —m—
2.90 [1.04, 4.76] ——
2.78 [-0.07, 5.63] —
3.84[2.28,5.41] -
7.25 [5.56, 8.94] —a—
-0.20 [-2.53, 2.13] —
-0.20 [-2.78, 2.38] —
3.37 [-0.51, 7.25] B I —
2.59 [-1.69, 6.87] ————
-10 -5 0 5 10

Favours Conventional group Favours TCMI group

FIGURE 4: Nerve conduction velocity of median nerve.

TCMI group  Conventional group

Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
2.2.1 Motor nerve conduction velocity (MCV)
Chi 2012 8.46 4.97 41 2.61 232 41 26.6% 5.85[4.17,7.53] —
Shi 2010 34 3.96 42 1.8 3.73 42 26.8% 1.60 [-0.05, 3.25] =
Wu and Sun 2003 3 4.01 36 1.5 3.86 36 25.9% 1.50 [-0.32, 3.32] T
Zhang and Lan 2008 6.04 4.07 13 3.55 3.395 13 20.7% 2.49 [-0.39, 5.37] T =
Subtotal (95% CI) 132 132 100.0% 2.89 [0.63, 5.15] o
Heterogeneity: Tau” = 4.28; Chi® = 16.59, df = 3 (P = 0.0009); I* = 82%
Test for overall effect: Z = 2.50 (P = 0.01)
2.2.2 Sensory nerve conduction velocity (SCV)
Chi 2012 11.13 491 41 327 241 41 25.6% 7.86 [6.19, 9.53] —
Shi 2010 2.8 3.96 42 1.7 3.95 42 25.6% 1.10 [-0.59, 2.79] T
Wu and Sun 2003 24 39 36 1.5 3.95 36 25.4% 0.90 [-0.91, 2.71] T
Zhang and Lan 2008 4.45 3.896 13 356 3.6 14 23.3% 0.89 [-1.95, 3.73] 1
Subtotal (95% CI) 132 133 100.0%  2.73 [-0.96, 6.43] —
Heterogeneity: Tau? = 13.15; Chi® = 44.40, df = 3 (P < 0.00001); I* = 93%
Test for overall effect: Z = 1.45 (P = 0.15)
-10 -5 0 5 10

Test for subgroup differences: Chi” = 0.00, df = 1 (P = 0.94), I = 0%

Favours Conventional group Favours TCMI group

FIGURE 5: Nerve conduction velocity of peroneal nerve.

TCMI group Conventional group

Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Chi 2012 071 049 41 018 0295 41 19.8% 0.530.35, 0.71] f—

He and Liao 2011 065 047 40 003 028 38 19.9% 0.62 [0.45, 0.79] —

Shi 2010 1.05 041 42 106 046 42 19.5%  -0.01[-0.20,0.18] —

Wang 2010 0320144 22 012 013 18 21.8% 0.20 [0.11, 0.29] -

Wu and Sun 2003 1.01 041 36 102 047 36 19.0%  -0.01([-0.21,0.19] ——

Total (95% CI) 181 175 100.0% 0.27 (0.04, 0.49] >

Heterogeneity: Tau” = 0.06; Chi® = 42.92, df = 4 (P < 0.00001); I* = 91% ’2 ’1 0 1 2

Test for overall effect: Z = 2.32 (P = 0.02)

Favours Conventional group Favours TCMI group

FIGURE 6: Hemorheology of plasma viscosity.
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TCMIgroup  Conventional group Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
3.1.1 High shear rate
Chi 2012 245 143 41 231 141 41 14.7% 0.14 [-0.47, 0.75] —_—t
He and Liao 2011 232 138 40 1.72 1.3 38 15.2% 0.60 [0.01, 1.19] —_—
Lin 2008 239 099 36 132 1.77 36 13.4% 1.07 [0.41, 1.73] D
Shi 2010 1.23 1.1 42 137 177 42 14.3% -0.14 [-0.77, 0.49] —_—r
Wang 2010 0.53 0.41 22 0.07 0.299 18  29.7% 0.46 [0.24, 0.68] —-—
‘Wu and Sun 2003 1.17 1.13 36 1.28 1.795 36 12.7% -0.11 [-0.80, 0.58] _—
Subtotal (95% CI) 217 211 100.0% 0.36 [0.05, 0.67] >
Heterogeneity: Tau® = 0.07; Chi* = 10.23, df = 5 (P = 0.07); I* = 51%
Test for overall effect: Z = 2.27 (P = 0.02)
3.1.2 Median shear rate
Lin 2008 227 059 36 224 0.52 36 27.8% 0.03 [-0.23, 0.29] -
Shi 2010 1.98 0.54 42 207 0.61 42 30.2% -0.09 [-0.34, 0.16]
Wang 2010 0.3 0.63 22 0.12 0.44 18 16.6% 0.18 [-0.15, 0.51]
‘Wu and Sun 2003 1.94 054 36 2.05 0.62 36 25.4% -0.11 [-0.38, 0.16]
Subtotal (95% CI) 136 132 100.0% -0.02 [-0.15, 0.12]
Heterogeneity: Tau” = 0.00; Chi* = 2.27, df = 3 (P = 0.52); I* = 0%
Test for overall effect: Z = 0.25 (P = 0.81)
3.1.3 Low shear rate
Lin 2008 3.64 0.97 36 1.8 1.15 36  26.3% 1.84 [1.35, 2.33] —
Shi 2010 2.7 0.796 42 241 135 42 26.5% 0.29 [-0.18, 0.76] T
Wang 2010 272 158 22 0.75 1.65 18  21.1% 1.97 [0.96, 2.98] —_—
‘Wu and Sun 2003 263 081 36 236 1.35 36  26.1% 0.27 [-0.24, 0.78] —T
Subtotal (95% CI) 136 132 100.0% 1.05 [0.14, 1.96] ———
Heterogeneity: Tau” = 0.76; Chi’ = 30.50, df = 3 (P < 0.00001); I* = 90%
Test for overall effect: Z = 2.25 (P = 0.02)
-2 -1 0 1 2

Test for subgroup differences: Chi® =9.33,df =2 (P =0.009), > = 78.6%

Favours Conventional group Favours TCMI group

FIGURE 7: Hemorheology of blood viscosity.

0 7SE(log[RR])

A
AN
/ 1 \
AN
/& G \\
0.1 1 ol \
B T
/ o @ \
// Ke \\
[e]
021 J/ , N
; o : N
/ | \
/ | \
0.3 1 )/ | N
/ ! \
/ I \
/ 1 \
/ | \
04 t / ! \
/ \
’ ! \
’ | \
/ | '\ RR
0.5 n n n n
0.5 0.7 1 1.5 2

/A Ginkgo biloba extract injection
<& Erigeron Breviscapus extract injection Panax notoginsenosides injection

Subgroups
O Danhong injection
[0 Compound Salvia Miltiorrhiza injection

FIGURE 8: Funnel plot of the clinical effective rate.

All participants are enrolled from different regions of
mainland China with a balance gender ratio and most of them
are middle-aged and elderly people. Within the 17 studies,
only 1 reported the random number table and 14 mentioned
“random” without the specific approach. Furthermore, 2
are quasi-randomized with an obvious selection bias. None
of them mentioned the allocation concealment and the
two quasi-randomized trial cannot conceal its allocation.

That indicates a high risk of allocation bias. Besides, no
participants included are classified into grade 5 in Wagner
scale. Thus, we only recommend the TCMI interventions to
clinicians in treating the middle-aged and elderly patients
with a mild to moderate DFU classification (with a Wagner
scale lower than grade 5).

Few adverse events happened in all the studies and the
events happened are mild to moderate degree which will
disappear after some resting. And the cost of TCMI is cheap,
because most of them are in the Chinese national medi-
cal insurance list (Danhong injection, Erigeron Breviscapus
extract injection, Ginkgo Biloba extract injection, Panax
Notoginsenosides injection) which means 80% of the expense
is covered [41]. According to the course of treatment reported,
mostly 28 days, the total cost will be no more than 436.24
CNY. Compared to the significant improvement of clinical
effective rate as 27%, TCMIs will only increase the average
cost for an ulcer episode by 1.5% [42]. It can be considered as
a cost-effective and safe strategy with a low treatment expense
increase.

Although the heterogeneity of primary outcome is low,
there may exist potential bias. The courses of disease were
inconsistent (Table 2) and the conduction of basic care may
differ from practitioners such as debridement and dressing
change.

More qualified RCTs need to be included to explain
the high heterogeneity in the meta-analysis of secondary
outcomes. And due to a contradictory result of secondary
outcomes, we hereby recommend more qualified RCTs with
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areport of objective laboratory indexes in treating DFU with
TCMIs such as nerve conduction velocity and hemorheology
indexes.

5. Conclusion

In management of DE TCMIs can increase the clinical
effective rate of conventional therapies by 27%. Along with
a better performance in safety and financial burden, the
management of DF can be improved by TCMlIs. However, the
overall methodological and reporting quality of the included
studies was limited. Moreover, there are some contradictions
in secondary indexes. Therefore, more high-quality large
sample-size RCTs are needed to prove and explain it.
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Objective. This study was performed to evaluate the efficacy of Centella asiatica extract in cream, a preparation for the prevention
of scar development of the split-thickness skin graft (STSG) donor site. Methods. A prospective randomized, double-blind control
study was performed to evaluate the efficacy of Centella cream in 30 patients who underwent a STSG operation. Both Centella
cream and placebo were applied equally to the donor site at least 2 weeks after epithelialization was completed. A scar assessment
using the Vancouver Scar Scale (VSS) was taken at 4, 8, and 12 weeks. Results. Of the original 30 patients, 23 patients completed
evaluation. There were significant differences in pigmentation parameter of VSS and comparative total VSS scores between 4 and 12
weeks in Centella cream group. Conclusion. The effect of Centella cream on scar development of a STSG operation may be attainable
in terms of better pigmentation. By means of objective measurements and longer follow-up times, Centella cream may prove to be
an alternative product for hypertrophic scar amelioration.

1. Introduction

Wound healing is a process that takes place with almost all
medical treatments. The history of the wound care dates back
to the days when natural substances, such as honey and other
various remedies, were the norm for treatment since 2600-
2200 BCE [1]. Later studies found that natural substances
contained in herbs and plants have many positive properties
that assist in and enhance the wound healing process,
substances such as antioxidants, anti-inflammatories, and
antibacterial agents [2]. Many species of plants support the
theory that herbs have served a major role in assisting the
process of recovery and healing. Studies from different parts
of the world have produced concrete findings that support
such theories in the era of modern medicine. Evidence stems
from research regarding plants and herb usage for treating
wounds in different geographical locations, countries such as
Africa 3, 4], India [5], China [6] Thai [7], and even the United
States, Canada, or Europe [8].

When wounds occur, the chances of a scar forming
are greatly increased; scars usually have negative impact on

patient. There are many methodologies such as occlusive
dressings, compression therapy, intralesional corticosteroid
injections, radiation therapy, laser therapy, interferon therapy,
and topical silicone gel application, and herbal extracts
have been prescribed as the norm. The high cost of these
treatments has been the greatest obstacle for patients to
continue with treatment, especially in developing countries.
“Ugly scars” is a term referring to scar contracture, stretching
or hypertrophic scarring resulting from abnormal response
by fibroblasts during the proliferative stage and imbalance
between collagen synthesis and degradation during the
remodeling stage [9]. Nowadays, herbs have an important
role in restoring the healing wound process and ameliorating
scar. Current studies on C. asiatica have been conducted to
improve the outcome of the wound healing process in small
wound types and hypertrophic scar as well as burns, psoriasis,
and scleroderma [10-14].

Centella asiatica, also commonly known as Gotu kola, is
a small plant that depends on the soil with water trapped, as a
herbaceous that originates from Asia. It is an annual plant of
the family Apiaceae. This plant has been used in folk medicine
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FIGURE 1: Two-hole template using which patients have to apply the Centella and placebo cream in the frame.

as well as in western medicine [15]. This study was performed
to evaluate the efficacy of Centella asiatica extract in a cream
preparation for the prevention of scar development on the
STSG donor site.

2. Methods

2.1. Design Overview. All patients who participated con-
sented to join the study on a voluntary basis as the donor
site of STSG. Subjects were divided randomly into 2 groups,
with various cream applied to each part of the donor’s
scar site. Cream A (7% w/w Centella asiatica extract in
cream preparation) or Cream B (placebo) was randomly
applied on the subjects. The gels were applied for a total
treatment period of 12 weeks. The assessment was conducted
by one experienced nurse who was blinded to the subject
grouping and was trained to administer all the assessments
in standardized manner.

2.2. Setting and Participants. From January 2014 to February
2015, 36 patients who underwent split-thickness skin graft
harvesting were enrolled in this study, but six patients
were excluded because they declined to participate at the
Outpatient Unit, Department of Surgery, Faculty of Medicine
Srinagarind Hospital. All 30 patients in this study were aged
over 20 years and met the inclusion criteria. This study was
approved by Khon Kaen University Ethics Committees for
Human Research.

Inclusion Criteria

(1) The donor site of the patients who underwent STSG
operation completed more than 14 days of epithelial-
ization.

(2) All of the participants were 20 years or older.

Exclusion Criteria

(1) Patients with critical illnesses such as those with
systemic infection or hemodynamic instability.

(2) Patients with a major acute or chronic medical illness
that could have impact on the wound healing process.

(3) Patients who were pregnant.
(4) Patients who could not read the Thai language.
(5) Patients who declined to participate.

2.3. Sample Size. 30 voluntary patients were included in this
study. The donor site of skin graft in each subject was divided
into 2 parts, with different treatments randomly applied to
each part. For sample analysis, with 23 subjects per method,
the statistical power to remark a mean difference of 1 unit
on the rating scale, assuming an SD of 1.71, was 80%. A
2-tailed test with type 1 error rate 5% was supposed. In
statistical method, 1.00 corresponded to Mu (M) and 0.02 to
the Beta (f3). Concerning defense against the withdrawal of
the patients, it was necessary to raise the number of patients
of each group to be 30.

2.4. Randomization and Interventions. The Centella asiat-
ica was prepared by being extracted with 70% alcohol in
cream preparation (Chao Phya Abhaibhubejhr Hospital,
Prachin Buri, Thailand). It was formulated from 7% w/w
Centella extract, 100 gram, combined with Centella extract
7g., cetyl alcohol 15g., stearyl alcohol 12g., mineral oil
5g., cetomacrogol-1,000 3 g., propylene glycol 1g., paraben
concentrate 1.5g, and water refill for total of 100g. for the
whole combination. The Centella extract comprised asiati-
coside 5.12% and madecassoside 5.1%. The placebo cream
was similar in color and consistency to the Centella asiatica
extract cream and was packed in the same sealed packages.
For the composition, it was the same as Centella asiatica
extract cream except 7 g. of paraben concentrate. Centella and
placebo cream were marked A or B. The patients were advised
to clean their hands before applying each cream and to use the
template (Figure 1). After placing the template on the wound,
the patient had to gently apply approximately 1 gram of each
cream and wait until they were completely absorbed. This
application was done twice daily. Each patient was scheduled
for follow-up at 4, 8, and 12 weeks (Figure 2).

2.5. Outcomes and Measurements. Patient demographic data
were recorded. The scars were examined and rated using the
Vancouver Scar Scale (Table 1) to determine pigmentation,
vascularity, pliability, and height. The digital photos of each
scar were also recorded by using a digital camera each
time the assessment was performed, and the photos taken
were standardized with fixed distance and lighting. A digital
camera was used to ensure that the images taken were clear
and comparable.

The Vancouver Scar Scale measured vascularity, pliability,
and height, each on a 3- to 6-point ordinal scale; pigmentation
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TABLE 1: Vancouver Scar Scale (VSS).

Score 0 1 3 4 5

Vascularity Normal Pink Purple

Pigmentation Normal Hypopigmentation Mixed Hyperpigmentation

Pliability Normal Supple Yielding Firm Ropes Contractures

Height Flat <2mm 2-5mm >5 mm

Patients who have the STSG donor site scar (n=36)

Excluded (n=6 )
(declined to participate)

Randomized (n=30)

!

[ Allocation ]

Apply Centella cream twice daily
(n=30)

Apply placebo cream twice
daily (n=30 )

l [ Follow-Up ] l
Lost to follow-up (lived far away) (n=5) Lost to follow-up (lived far away) (n=5 )
Discontinued intervention (an allergic Discontinued intervention (an allergic
response to the products) (n=2 ) response to the products) (n=2)
l [ Analysis ] l
g J

Complete scar evaluation at 4“‘, gth
and 12™ with VSS :Analysed (n=23)

Complete scar evaluation at 4‘h, gth
and 12" with VSS :Analysed (n= 23)

FIGURE 2: Diagram of study protocol that was initiated.

was measured on a 3-point categorical scale. The results were
recorded and patients identified as to which of the 2 groups
they belonged after the protocol was finished. If the treatment
decreased in the score of each parameter, the result concluded
with improvements. If the score was the same or higher, no
response was reported.

2.6. Statistical Analysis. Greenhouse-Geisser correction (p
value) and one-way repeated measures ANOVA were used to
assess two more groups who were participants in the same
group. All statistical analyses were operated using SPSS 16.0
software (SPSS, Chicago, IL.). A p value equal to or below 0.05
was regarded as statistically significant

3. Results

Only 23 of 30 patients completed the study protocol. 2
patients were excluded due to rash at the scar, which may have
been caused by an allergic response to the products. 5 patients
were lost to follow-up because they lived far away. Of 23
patients, there were 13 males and 10 females. The average age

was 54 years old (range: 20-65 years old). As shown in Table 2
and Figures 3-7, differences within groups are as follows:
For the Centella cream group, there were differences from
baseline including the pigmentation score at 8 and 12 weeks
and between 4 and 12 weeks (-0.443, p value 0.019; -0.707, p
value 0.001; -0.557, p value 0.001) and the overall Vancouver
Scar Scale scores between 4 and 12 weeks (-1.279, p value
0.041). However, for height, it was worse at 4 weeks (0.300, p
value 0.043). For the placebo group, there were 2 differences
from the baseline including the pigmentation score between
4 and 12 weeks (-0.399, p value 0.020) and after 12 weeks (-
0.549, p value 0.002), while the pliability and the height scores
of both groups were compared before and after treatment and
still were not different.

4. Discussion

The split-thickness skin graft donor site is a superficial
partially thickness wound in which losing the epidermis and
part of the dermis exists. Epithelialization is the natural act
of healing dermal tissue resulting in minimal or no scarring
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TaBLE 2: Comparison within groups after 12 weeks of both groups.

Vancouver Scar Scale Centella cream Contrast 95% CI P-value
After week 4th 0.400 -0.799 - 1.599 0.510
After week 8th -0.089 -1.312 - 1.133 0.885
After week 12th -0.879 -2.102 - 0.344 0.157
Between 8&4 weeks -0.489 -1.712 - 0.733 0.429
Between 12&4 weeks -1.279 -2.502 - -0.056 0.041"
Between 12&8 weeks -0.789 -2.020 - 0.441 0.206
Vancouver Scar Scale Placebo

After week 4th 0.150 -1.049 - 1.349 0.805
After week 8th 0.312 -0.911 - 1.535 0.614
After week 12th -0.793 -2.016 - 0.429 0.201
Between 8&4 weeks 0.162 -1.061 - 1.385 0.794
Between 12&4 weeks -0.943 -2.166 - 0.279 0.129
Between 12&8 weeks -1.105 -2.336 - 0.125 0.078
Vascularity Centella cream

After week 4th 0.100 -0.426 - 0.626 0.707
After week 8th -0.055 -0.591 - 0.481 0.838
After week 12th -0.213 -0.749 - 0.323 0.432
Between 8&4 weeks -0.155 -0.691 - 0.381 0.567
Between 12&4 weeks -0.313 -0.849 - 0.223 0.249
Between 12&8 weeks -0.158 -0.697 - 0.381 0.563
Vascularity Placebo

After week 4th -0.050 -0.576 - 0.476 0.851
After week 8th -0.051 -0.587 - 0.485 0.850
After week 12th -0.367 -0.903 - 0.169 0.177
Between 8&4 weeks -0.001 -0.537 - 0.535 0.996
Between 12&4 weeks -0.317 -0.853 - 0.219 0.244
Between 12&8 weeks -0.316 -0.855-0.224 0.248
Pigmentation Centella cream

After week 4th -0.150 -0.478 - 0.178 0.366
After week 8th -0.443 -0.777 - -0.109 0.010"
After week 12th -0.707 -1.041 - -0.373 0.001"
Between 8&4 weeks -0.293 -0.627 - 0.041 0.084
Between 12&4 weeks -0.557 -0.891 - -0.223 0.001"
Between 12&8 weeks -0.263 -0.599 - 0.073 0.124
Pigmentation Placebo

After week 4th -0.150 -0.478 - 0.178 0.366
After week 8th -0.233 -0.567 - 0.101 0.170
After week 12th -0.549 -0.883 - -0.215 0.002"
Between 8&4 weeks -0.083 -0.417 - 0.251 0.624
Between 12&4 weeks -0.399 -0.733 - -0.065 0.020"
Between 12&8 weeks -0.316 -0.652 - 0.020 0.065
Pliability Centella cream

After week 4th 0.200 -0.202 - 0.602 0.326
After week 8th 0.179 -0.231 - 0.589 0.389
After week 12th -0.137 -0.547 - 0.273 0.509
Between 8&4 weeks -0.021 -0.431- 0.389 0.919
Between 12&4 weeks -0.337 -0.747 - 0.073 0.106
Between 12&8 weeks -0.316 -0.728 - 0.097 0.132
Pliability Placebo

After week 4th 0.150 -0.252 - 0.552 0.461
After week 8th 0.312 -0.098 - 0.722 0.134

After week 12th -0.004 -0.414 - 0.406 0.985
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TaBLE 2: Continued.
Vancouver Scar Scale Centella cream Contrast 95% CI P-value
Between 8&4 weeks 0.162 -0.248 - 0.572 0.435
Between 12&4 weeks -0.154 -0.564 - 0.256 0.458
Between 12&8 weeks -0.316 -0.728 - 0.097 0.132
Height Centella cream
After week 4th 0.300 0.009 - 0.591 0.043"
After week 8th 0.229 -0.067 - 0.525 0.129
After week 12th 0.176 -0.120 - 0.473 0.241
Between 8&4 weeks -0.071 -0.367 - 0.225 0.636
Between 12&4 weeks -0.124 -0.420 - 0.173 0.410
Between 12&8 weeks -0.053 -0.351-0.246 0.727
Height Placebo
After week 4th 0.200 -0.091 - 0.491 0.176
After week 8th 0.284 -0.012 - 0.581 0.060
After week 12th 0.126 -0.170 - 0.423 0.400
Between 8&4 weeks 0.084 -0.212 - 0.381 0.575
Between 12&4 weeks -0.074 -0.370 - 0.223 0.623
Between 12&8 weeks -0.158 -0.456 - 0.140 0.296
Vancouver Scar Scale Vascularity
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F1GURE 3: Comparison of Vancouver scar scores within groups after
12 weeks.

[16]. In most cases, scars occur if the depth reaches the
dermis layer; the exposed area of the scar can be more
problematic. Treatment for scars can be difficult, and in
some cases the skin cannot return to its normal condition
causing additional suffering to the patient. Some patients
complained about discoloration, both hyperpigmentation
and hypopigmentation. When hypertrophic scar or keloid
developed, it may induce itching, pain, and uninviting scar
damage, sometimes in the form of scar contracture which
may cause organ dysfunction. In some cases, patients were
unhappy and expressed a great deal of regret, anger, rejection,
and isolation despair [17]. The knowledge of scar protec-
tion/prevention and causes of the scar is an important factor
and helps reduce its severity. However, some Asians displayed
a condition referred to as “Fitzpatrick Skin” (type III or type

—e— Centella —e— Placebo

FIGURE 4: Comparison of vascularity scores within groups after 12
weeks.

IV): commonly known as hypervascular, hyperpigmented,
hypopigmented, or hypertrophic scars when other related
characteristics are the anatomic region, patient’s skin type or
genetic factors, nature of injury, skin tension, and prolonged
inflammatory process [18]. Numerous attempts have been
made to introduce natural substances to reduce scars such
as onion extract [19, 20], resveratrol in grapes skin [21],
curcumin [22], and Centella [23].

Scar protection applications can be made by starting from
coagulation, inflammation, and proliferation phase, which
tried to make each phase without any complications and
was time consuming. In the remodeling phase, collagen was
rearranged and was broken by enzyme matrix metallopro-
teinase (MMPs), which is controlled by tissue inhibitors of
MMP (TIMPs) [24]. The balance between regeneration and
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FIGURE 6: Comparison of pliability scores within groups after 12
weeks.

degradation of collagen was initiated during the time periods
of 6 months to 1 year. The scar was entirely abnormal in
appearance, the architectural arrangement of collagen, and
ECM. The strategy for minimized scar needed many factors
like efficiently control inflammation [25] and low levels of
cytokines such as TGF I, TGF fII, and platelet-derived
growth factor [26, 27] but high levels of TGF 3 III [26-28].
TGF B1and TGF B1I played a role in activating proliferation
of fibroblasts, whereas TGF (3 III was antagonist and that is
why it could prevent scar formation [29].

Prior studies have shown the effectiveness of C. asiatica
extract in promotion of wound healing and prevention of
hypertrophic scars [19, 30, 31]. The active compounds of
C. asiatica responsible for those activities are pentacyclic
triterpenes, including asiaticoside, and madecassoside. In
vitro study demonstrated that asiaticoside decreased fibrob-
last proliferation in a dose-related manner and reduced the
expression of both TGF- § I and TGF- f II at the tran-
scriptional and translational level [32]. Asiaticoside also slows
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FIGURE 7: Comparison of height scores within groups after 12 weeks.

down scar formation possibility by increasing the activity
process of Smad7 which is a negative regulator of TGF-f3 sig-
naling [33]. The other active composition, madecassoside, is
related to inhibiting the migration of fibroblasts from keloids
[34]. Both active chemical substances promote C. asiatica
to induce fibroblast proliferation and collagen synthesis. It
involves the improvement of the tensile strength of newly
formed skin and stimulation of maturation of the scar by
the production of type I collagen. Inversely, the expression
of TGF-I in hypertrophic scars and keloid is reduced [32,
34, 35]. Both asiaticoside and madecassoside affected the
healing process mechanism in which inflammatory, prolif-
eration, and remodeling phases initiate the improvement
of wound healing and scar prevention [10]. In the case of
animal research they showed effective result of diminished
hypertrophic scar [30]. Numerous data confirmed that C.
asiatica extract in a combination form with other herbs
could prevent abnormal scars from median sternotomy or
split-thickness skin graft donor sites; however, no exact
demonstration revealed that one was stronger for preventing
scar [19, 31]. The aim of this study was to evaluate the efficacy
of Centella cream with only one chemical substance, not
combined with other herbal substances, on the prevention
of scar development. Our study revealed that Centella cream
improved scar outcomes against placebo. The Centella cream
significantly improved the overall Vancouver scores between
4 and 12 weeks and pigmentation from the baseline since 8th
week, in comparison with the improved pigmentation from
the baseline since the 12th week in the placebo group. This
evidence concluded that the nature of scar development of
the donor site of the split- thickness skin grafts got better
over time, ameliorating by Centella effect. Figures 8 and
9 demonstrated the better outcome in skin pigmentation
after applying the Centella cream. In this study, an allergic
dermatitis was observed in 2 patients. Gomes reported in
the reported case that the patient had contact dermatitis due
to Centella asiatica extract [36]. Since the allergic reaction
occurred with both Centella cream and placebo, the ingre-
dients of the placebo may be responsible for the allergic
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The first visit 4" week 8" week 12" week

FIGURE 8: A 58-year-old male patient with a split-thickness skin graft harvested from right thigh. Centella cream was applied at the outer part
with placebo at the inner part of thigh (I: inner part, O: outer part).

(6] I O

The first visit

week gth

4th week

12" week

FIGURE 9: A 66-year-old female patient with a split-thickness skin graft harvested from left thigh. Centella cream was applied at the inner
part with placebo at the outer part of thigh (I: inner part, O: outer part).



dermatitis. Previous reports showed that contact dermatitis
developed when paraben-containing products were applied
[37].

The efficacy of C. asiatica formulation may be affected by
the release of active compounds from the formulation. The
animal (rat) model demonstrated the promoted cellular pro-
liferation and collagen synthesis effects of the aqueous extract
C. asiatica. The gel formulation provided significantly better
healing outcome than the ointment and cream formulations
[38].

The VSS is more subjective measurement. Studies with
longer follow-ups may be required to confirm the benefits
of this product. In the future, the dosage and the manner
evaluation of efficacy of Centella asiatica need standardized
experimentation in the healing process and scar prevention.

5. Conclusion

The effect of Centella cream on scar development of the
donor site of the split- thickness skin grafts may be attainable
in terms of better pigmentation. By means of objective
measurements and longer follow-up times, Centella cream
may prove to be an alternative product for hypertrophic scar
amelioration.
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Introduction. Humic acid was previously shown to enhance cutaneous wound healing and show antibacterial properties; however,
it has not been used for wound healing in the oral cavity. Thus, the goal of this study was the evaluation of the effect of the humic
acid on the healing of excisional wounds in an experimental rat study. Materials and Methods. A circular wound on mid-palatal
surfaces was made on a total of 77 Wistar rats by using a 3-mm biopsy punch under anesthesia. The animals were divided into
4 groups as baseline, saline control (0.09%), chlorhexidine gluconate (0.05%), and humic acid (80 mg/kg) and were treated with
these materials for 7 days. Results. The rats were observed for 3 weeks in order to track the wound closure rates. Both humic acid
treatment and chlorhexidine gluconate treatment resulted in statistically significant enhanced rate of wound closure compared
to the saline control on both the 1st and 2nd weeks of treatment. Humic acid treatment for the wounds in the palate resulted in
enhanced recovery compared to not only saline control but also chlorhexidine gluconate treatment. Conclusion. In this study, humic
acid was shown to enhance healing of oral wounds for the first time in the literature. These findings indicate that humic acid can

be used as an alternative to current treatment methods for oral wounds.

1. Introduction

Wounds in the oral cavity constitute an important health
concern for many people due to the warm oral microen-
vironment that is home to many bacteria and the constant
wear and tear that occurs due to physical activity caused
by eating and drinking [1, 2]. Wound healing is a complex
process that is characterized by three stages as inflammation,
proliferation, and remodeling [3]. During the inflammation
phase, the wound area is protected against pathogens and
the dead cells are removed, whereas, during proliferation
phase, the cells that secrete extracellular matrix materials
proliferate and secrete high amounts of fibrous extracellular
matrix proteins in order to rapidly block and protect the
wound area against pathogens [4]. During remodeling phase,
these fibrous blocking components are removed and more
functional tissue is generated.

Since the highly humid and warm environment of the
oral cavity is a supportive environment for microbial growth,
it is customary to use antibacterial products to aid in rapid
and infection-free wound healing for wounds in the palate
[5, 6]. Other than the antibacterial products that are already
commercially used, few factors were previously shown to aid
palatal wound healing [5-7].

Humic substances, which are present mostly in lignite,
peat, soil, and water, have antiviral, antibacterial, antitoxic,
antiulcerogenic, antiarthritic, antiallergic, immunomodula-
tory, and anti-inflammatory properties [8-15]. Microorgan-
isms convert plant and animal tissue into peat [16], and
humic substances such as humus, peat, sapropel, and mumie
have been used in medicine for different applications against
different illnesses as far as 3000 years ago [11]. The toxicity of
humic acid is very low [17]. Use of humate results in reduction
in paw volume of the carrageenan-induced edema in rats [18]
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TaBLE 1: Composition of the humic acid sample.

Analysis Parameters Unit Methods Analysis Results W/W’

Total humic acid % TS 5869 ISO 5073 6.5

Total P % ICP-AES 0.015

Total Si % ICP-AES 1.36

Total Se mg/kg ICP-AES 0.15

Total Ca % ICP-AES 1.26

Total Mg % ICP-AES 0.014

Total Fe % ICP-AES 0.056

Total Mo mg/kg ICP-AES 89.50

Total Zn mg/kg ICP-AES 3113

Total Na % ICP-AES 1.79

Total Cl % Titrimetric -

and sodium humate was shown to enhance wound healing in
rats [19].

In the oral cavity, we have previously shown that humic
acid prevents alveolar bone loss and reduce inflammation in
rats [20]. In addition, carbohydrate-derived fulvic acid, which
is a major constituent of humic acids, has been shown to
have a broad-spectrum antimicrobial activity against orally
active microorganisms [21]. Although these results suggest
the possibility that these specific properties of humates may
be useful in wound healing in the palate, currently, there is no
evidence showing the effects of humates on wound healing in
the oral cavity. Thus, the aim of this study was the evaluation
of the effect of the humic acid on the healing of excisional
wounds in the palate of rats.

2. Materials and Methods

2.1. Animals and Study Groups. The study protocol and
experimental design were approved by the Animal Ethics
Committee of Cumhuriyet University School of Medicine
(approval number: B.30.2.CUM.0.01.00.00-50/59, 312). In
total, 77 three-month-old male Wistar rats were used in
the experiment. Their body weight ranged from 280 to 320
g at the beginning of the experiment. Rats in each group
were fed in different cages under the same conditions in
a well-lit and well-ventilated room. All rats were fed ad
libitum and kept at 12 h/I12 h light/dark cycle and at 21 +
1°C temperature and 40-60% humidity. Rats were acclimated
to their living environment for 10 days prior to the study
to alleviate stress related interference with experimental set-
up. The experimental stages of this study were performed in
the Animal Laboratory of Cumhuriyet University’s Faculty
of Medicine. The animals were randomly divided into four
groups as follows:

(i) Control (C) group (n=5)
(ii) Saline (0.9%) (S) group (n = 24)

(iii) Chlorhexidine gluconate (0.05%) (CHG) group (n =
24)

(iv) Humic acid (HA) group (n = 24)

Each main group was divided to three subgroups containing
8 rats in each to observe changes after 1st, 2nd, and 3rd weeks.

2.2. Formation of Experimental Palatal Wound Surface. After
an adaptation period of 10 days, animals were anesthetized
with xylazine hydrochloride (Rompun; 10 mg/kg, Bayer
Animal Health GmbH, Leverkusen, Germany) and ketamine
hydrochloride (Ketalar; 40 mg/kg, Eczacibasi Ilac Sanayi,
Istanbul, Turkey) intraperitoneally. A punch biopsy tool with
3 mm diameter was used to create a standardized circular
wound outline on the anterior palate in the mucoperiosteum
of midline of the hard palate. The soft tissue was removed by
sharp dissection to expose the underlying bone. Cotton gauze
was placed over the wound until hemostasis was achieved. No
medication was used throughout the experiment.

2.3. Preparation of Humic Acid. Humic acid was obtained
from peat coming from the western Black Sea region and
was diluted in sterile saline solution to reach the study
concentrations (80 mg/kg) [20]. The concentration of the
trace elements in the humic acid solution such as Si, Se, Ca,
Mg, Fe, and Zn is provided in Table 1. Titrimetric method was
used for the assessment of Cl, whereas inductively coupled
plasma-atomic emission spectrometry (ICP-AES) was used
for all the other elements.

2.4. Study Process. Five animals were sacrificed immediately
to get the baseline values (C group). The remaining 72
animals were randomly divided into three experimental
groups. 0.5 mL of 0.09% saline solution, 0.05% chlorhex-
idine gluconate (Irrisept, Irrimax Corporation, Innovation
Technologies, Inc., Lawrenceville, GA), or 80 mg/kg humic
acid preparation was applied to the respective wound site
once daily for 1 min each day by using cotton pellets. Eight
animals from each group were sacrificed at 7, 14, and 21
days postoperatively. The maxillae were dissected out and the
samples were photographically assessed and compared with
the histological findings.

2.5. Photographic Assessment. Photographs of the specimens
were taken (25X magnification) using a stereomicroscope
(Stemi DV4, Carl Zeiss, Jena, Germany). The surface area
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FIGURE 1: The representative light microscopic photographs of the wound areas on weeks 1, 2, and 3.

of the wound was morphometrically measured using the
”Biowizard - D Winter, Version 3” software. The photographic
assessment was performed by a single examiner (Dr. Talmac)
who was unaware of the identity of samples.

2.6. Histopathological Assessment. Histological analysis was
performed by a single examiner (Dr. Goze) who was also
blinded to the identity of samples. Specimens were fixed
in 10% neutral formalin for 48 h. The samples were then
decalcified in formic acid (10%) and nitric acid (10%) for
72 h. Then, the samples were embedded in paraffin. 5 ym
serial sections were prepared perpendicular to the palatal
midline at the greatest diameter of the wound by using
a microtome. The sections were stained with eosin and
hematoxylin. Slides were evaluated for histological changes
under light microscopy (Nikon Eclipse, E 600, Tokyo,
Japan).

2.7, Statistical Analysis. The control and experimental group
data were compared with each other and to the baseline
values. Statistical analysis was done using the SPSS software
and the GraphPad Prism program. Two-way ANOVA or one-
way ANOVA with Tukey’s multiple comparisons analysis and
Student’s t-test were applied.

3. Results

The humic acid was obtained as a paste and was further
diluted at a concentration of 80 mg/kg in saline solution.
After surgical operation, photographs of the wound areas
were obtained with a light microscope and the images

were measured by an observer who was blind to the study
groups. The negative control “saline solution”, the positive
control “chlorhexidine gluconate solution”, and the humic
acid solution were applied to the wound area daily for one
minute. The representative pictures of the wound areas that
were taken with a light microscope are shown inFigure 1.

After the first week of treatment, there was a statistically
significant difference between groups by one-way ANOVA
analysis with a p value of 1.89 x 107" (Table 2). When the
groups were individually compared with each other through
Tukey’s multiple comparisons test, there was a statistically
significant difference between the saline control and the
humic acid group as well as saline control and chlorhexidine
gluconate group, with p values 2.06 x 107 and 5.01 x
107", respectively. On the other hand, there was no statis-
tically significant difference between the humic acid group
and the chlorhexidine gluconate group after one week of
treatment.

At the end of the second week of treatment, the wound
areas were measured again, and the groups were statistically
analyzed with one-way ANOVA. There was a statistically
significant difference between groups with a p value of 4.61
x1071% (Table 2). Similar to the first week of treatment, there
was a statistically significant difference between the saline
control and the humic acid group as well as the saline control
and the chlorhexidine gluconate group, with p values 9.21
x 107® and 3.05 x 107%, respectively. However, at the end of
the two weeks of treatment, there was still no statistically
significant difference between the humic acid group and the
chlorhexidine gluconate group.
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TABLE 2: Analyses of wound areas during 21 days of observation.

1st week of treatment ~ 2nd week of treatment  3rd week of treatment

Control (mean + sem) 8.22 5.131 2.194
Chlorhexidine gluconate (mean + sem) 5.276 4.02 1.215

Humic acid (mean + sem) 5.193 3.97 0.7788
F-value 400.6 70.85 201.9
R’-value 0.9745 0.8709 0.9506

95% CI between control and humic acid 2.637 - 3.251 0.8832 - 1.439 1.233 - 1.597

95% CI between control and chlorhexidine gluconate 2.720 - 3.335 0.8332 - 1.389 0.7970 - 1.161

95% CI between chlorhexidine gluconate and humic acid

-0.2234 - 0.3909

-0.2280 - 0.3280 0.2545 - 0.6180

sem = standard error of mean and CI = confidence interval.

125 ym

FIGURE 2: The representative histological image of the wound areas. (A) Representative histological image of the humic acid treated wounds
at 1st week. The red star shows the wide necrotic and severely inflamed area, while the black star points to the mucosal epithelium. (B)
Representative histological image of the humic acid treated wounds at 3rd week. The red star shows the mildly inflammatory area and
granulation tissue, while the black stars show the constricted mucosal epithelial layer. (C) A representative section of humic acid treated
tissues at the end of the study. Black star shows complete mucosal epithelial repair and healing.

The study was performed for three weeks, and at the
end of the study, the wound area measurements were again
compared with one-way ANOVA and multiple comparisons
between groups were done with Tukey’s test. Overall, there
was a statistically significant difference between groups with
a p value of 1.94 x 107 (Table 2). Similar to first and second
week measurements, there was a statistically significant dif-
ference between the saline control and the humic acid group
as well as saline control and chlorhexidine gluconate group.
The p values of these comparisons were 3.83 x 10! and 3.78
x 107", respectively. Strikingly, at the end of three weeks,
there was also a statistically significant difference between
the humic acid group and the chlorhexidine gluconate group
with a p value of 0.0001 (3.95 x 107°) as well.

When all three weeks measurements were compared by
using two-way ANOVA with repeated measures, there was a
statistically significant difference between not only weeks but
also treatment groups, with p values of 1.55 x 10~*' and 1.68 x
107, respectively.

When the tissue sections were analyzed after being
processed with hematoxylin and eosin staining, the sections
from the one-week treatment group showed necrotic and
inflamed areas. After three weeks of treatment with humic
acid, however, the inflammation areas were much reduced
and granulation tissue with constricted mucosal epithelial
layer was observed. At the end of the study, sections from
the humic acid treated animals showed complete mucosal
epithelial repair and healing (Figure 2).

4. Discussion

In this study, humic acid was shown to enhance healing of oral
wounds for the first time in the literature. The experiments
were performed in rats and humic acid treatment was
compared to saline treatment and traditional chlorhexidine
gluconate treatment.

Bacterial microflora in the oral cavity is very diverse and
these bacteria colonize the wounds [22]. Wounds in palate are
usually treated with antibacterial treatments to prevent infec-
tions. In this study, we also used an antibacterial material,
chlorhexidine gluconate, as a positive control. Humic acid
was also previously reported to have antibacterial properties
[9, 12]; therefore, this control enabled us to compare the
effectiveness of the antibacterial treatment for wound healing.
In the first two weeks of treatment, we observed the positive
effects of the antibacterial on oral wound healing for both
humic acid treatment and chlorhexidine gluconate treatment,
which were much more effective in enhancing wound healing
than the saline control. On the other hand, within the first
two weeks, there was almost no difference between the humic
acid treatment group and chlorhexidine gluconate treatment
group, which shows the importance of antibacterial proper-
ties for the initial stages of wound healing. The histological
analysis which showed granulation tissue with constricted
mucosal epithelial layer and complete mucosal epithelial
repair and healing after humic acid treatment also support
the critical effect of humic acid in wound healing in palatal
wounds.
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Humic acid was also shown to have anti-inflammatory
properties, which can aid in healing of the wounds on
different tissues [10, 15, 18, 23]. This property might be more
influential at later stages of wound healing, since we observed
that the humic acid treated wound healed statistically signifi-
cantly faster than the chlorhexidine gluconate treated wounds
on the third week of the treatment. In addition, at the end
of three weeks of treatment, the humic acid treated wounds
showed reduced inflammation areas compared to both the
saline control and the chlorhexidine treated group when the
samples were analyzed through histological staining.

Humic acids can have a positive effect on wound healing
and cancer therapy, as suggested by Jurcsik [24]. The healing
process requires extra oxygen, and this demand appears in
the first minute after wounding due to phagocytosis, the
main event in wound healing process, which is very oxygen-
consumptive [24].

The composition of humic acid is complex and the
samples from different areas are different from each other.
Although drug substances that are prepared by using nat-
ural materials as starting materials are routinely used and
are allowed to differ to a certain extent as batch-to-batch
variations, it might be beneficial to use synthetic humic
acid preparations for future wound healing experiments
as alternatives to these natural samples to achieve more
chemically defined drug products.

5. Conclusion

Overall, the results of this study showed that humic acid,
which has previously been shown to have antibacterial and
anti-inflammatory properties, enhances wound healing in
the oral cavity. The humic acid treatment was even superior
to chlorhexidine gluconate, which is widely used for the
treatment of oral wounds. To the best of our knowledge, this
is the first study to show that humic acid treatment can be
used for the treatment of wounds in the oral cavity.

Data Availability

No data were used to support this study.
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Cell migration and proliferation are important for proper wound healing after skin injury. Recent studies have shown that
compounds from plants could promote cell migration and proliferation. Tracheloside, which is a plant lignan, has been found
to promote the growth of HaCaT cells over 40% compared to other compounds tested based on a cell proliferation assay. An in
vitro scratch assay confirmed the healing activity of tracheloside (more than 2-fold increased healing activity after 24 hours of
treatment compared with the control) and revealed that this activity is better than that of allantoin (1.2-fold increased after 24
hours of treatment compared with the control), a positive control. With western blot results, wound healing with tracheloside
occurred through the phosphorylation of ERK1/2. Therefore, tracheloside is a good candidate to promote wound healing and could
be developed as a therapeutic agent for wound treatment or used as a leading compound with higher activity.

1. Introduction

Skin wound healing is a complex process involving the
reepithelialization of missing cellular structures and tissue
layers through three phases: inflammation, proliferation,
and remodeling. Of the many cell types required during
the wound healing process, keratinocytes are important for
epithelialization in the proliferative phase as they are the
predominant cell of the outermost layer of the skin. In
addition, complex interactions and cross communication
between keratinocytes and other cell types during all three
phases of wound healing are critical for successful wound
closure and repair [1, 2].

As keratinocytes proliferate and migrate toward the
upper layers of the epidermis, they are differentiated and
transformed through different cell layers to reach their
final maturation stage [3]. Cell proliferation is activated by
growth factors and cytokines that are released into the injury
site. Combined key events such as signaling, cytoskeletal
reorganization, and adhesion processes are required [4].

Mitogen-activated protein (MAP) kinase family mem-
bers such as ERK1/2, JNK, and p38 are well known for their

importance in wound healing, cell survival, differentiation,
and proliferation [5, 6]. The major mechanism in these
processes is the regulation of cell cycle entry and progression.
For example, ERK1/2 regulates cyclin D1, which controls cell
proliferation [7, 8].

Tracheloside, which belongs to plant lignans, is a com-
ponent of Trachelospermum jasminoides used as herbal
medicines in Japan, China, and Korea. It is already known
that plant lignans have various effects related to growth
factor actions, steroid biosynthesis, cell differentiation, cell
transformation, and proliferation [9-11].

In the present experiment, we showed the effect of trach-
eloside on keratinocyte proliferation. To confirm this effect,
we used a scratch wound healing assay, cell proliferation
assay, and western blot analysis for signaling related to cell
proliferation.

2. Materials and Methods

2.1. Chemicals. All plant extracts were purchased from
ChemFaces (Wuhan, China), and the tracheloside chemical
structure is shown in Figure 1. Allantoin as a positive control
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FIGURE I: Structure of tracheloside.

was obtained from Sigma-Aldrich (St. Louis, MO, USA)
[12, 13]. The chemicals were dissolved in dimethyl sulfoxide
(DMSO), and the stock solutions were stored at -20°C.

2.2. Animal Cells and Culture. Human keratinocyte cell
line HaCaT were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% Fetal Bovine Serum (FBS)
and 1% penicillin-streptomycin at 37°C in a 5% CO, atmo-
sphere [14].

2.3. Cell Proliferation Assay. The proliferation of HaCaT cells
by test compounds was tested using a slightly modified cell-
based MTT assay [14]. HaCaT cells in DMEM were added
to the wells of a 96-well plate at a density of 10° cells per
well. Serum-free medium including various concentrations of
tracheloside (0,1, 5,10, 50, and 100ug/ml) were added and fur-
ther incubated for 48 hours. MTT (3-(4,5-dimethyl-thiazol-
2-yl)-2,5-diphenyltetrazolium bromide, Sigma) in PBS was
added into each well at a final concentration of 0.5 mg/ml,
followed by incubation for 3 hours at 37°C. The medium
was then removed, and cells were suspended in 100 ul
DMSO for 10 minutes. Cell proliferation was calculated from
optical density (ODsg,,) values measured using a microplate
reader (BioTek Instruments, Korea) and were reported as a
percentage of the vehicle control [14, 15].

2.4. In Vitro Wound Healing. HaCaT cells were seeded into
6-well plate and cultured to nearly confluent cell mono-
layers. A linear vertical and horizontal wound was then
generated in the monolayer with a sterile 20-200 ul plastic
pipette tip. Any cellular debris was removed by washing with
phosphate-buffered saline (PBS). Serum-free medium with
various concentrations of tracheloside (I, 5, and 10ug/ml)
was added in triplicate and incubated for 24 hours at 37°C
with 5% CO, atmosphere. Images of the scratched areas were
photographed to estimate the relative proliferation of cells
at 0 and 24 hours posttreatment. The data were analyzed
using an EVOS XL imaging system (Fisher Scientific, USA)
by calculating the percentage of scratch closure at each dose
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FIGURE 2: Tracheloside induced the cell proliferation rate. Various
concentrations of tracheloside were applied to HaCaT cells cultured
for 24 hours in serum-free medium and checked the cell prolifera-
tion rate using MTT.

point relative to the control. The experiments were repeated
three independent times [15].

2.5. Western Blot Analysis. Protein was extracted with RIPA
buffer and quantified with the Bradford reagent (Sigma). Pro-
tein samples with equal amounts (25 pg) were separated by 8-
10% SDS-PAGE and transferred onto polyvinylidene fluoride
(PVDE Bio-Rad, USA) membranes. The membranes were
blocked with 5% bovine serum albumin (BSA, GenDEPOT,
Korea) and then incubated with a 1:2000 dilution of primary
antibodies (p38«, p-p38, ERK1/2, INK, p-JNK, and GAPDH
from Santa Cruz Biotechnology, CA, USA; p-ERK1/2 from
Cell Signaling Technology, MA, USA) overnight at 4°C. The
membranes were washed with TBST and incubated with a
secondary horseradish-peroxidase-conjugated antibody for 1
hour at room temperature. The membranes were developed
using enhanced ECL (Bio-Rad, USA) on a UVITEC imaging
system (UVITEC Cambridge, UK). Each experiment was
repeated at least twice for consistency of the results [7].

2.6. Statistical Analysis. Results are expressed as means + SD.
Statistically significant differences were analyzed with one-
way ANOVA with Tukey's post hoc test.

3. Results

3.1. Enhanced Cell Growth Effect of Tracheloside to Ker-
atinocytes. Several available extracts from plants were used to
test and compare their effects of proliferation to keratinocyte
HaCaT cells (Table 1). It was found that tracheloside increased
cell proliferation against human cells (Figure 2).

In 10 ug/ml concentration, HaCaT cells grew over 45.58%
more compared to the control.

3.2. Tracheloside Increased Wound-Healing. To determine the
effect of tracheloside on keratinocyte proliferation, various
concentrations of tracheloside were used to treat HaCaT cells.
Tracheloside increased the proliferation of HaCaT cells in a
dose-dependent manner (Table 2 and Figure 3) compared to
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TaBLE 1: Cell proliferation effect of several plant extracts (% of control).

Proliferation rate

Proliferation rate

Compounds (100 pug/ml) Compounds (100pg/ml)
Bisdemethoxy-curcumin 2.60 +0.70 Falcarindiol 2771+ 0.79
Sophoraflavanone G 0.97 +0.13 Pimaric acid 81.11 +5.35
Acetylshikonin 30.42 + 5.36 Anwulignan 103.59 +1.36
Lobatoside C 2.40 £1.25 6,8-Diprenylorobol 3.69 + 0.05
Alpinumisoflavone 73.56 + 4.09 Galangin 113.66 + 3.01
Eupatilin 7830 +1.73 Corosolic acid 72.59 +3.27
Kurarinone 10.49 + 0.49 Tracheloside 145.58 +22.1

TaBLE 2: Tracheloside increased wound healing after 24 hours of treatment through an in vitro scratch assay.

Concentration of treatment

% of wound healing from 0 hours

Control Tracheloside Allantoin
1 pg/ml 10.12 £ 1.29 13.98 + 3.21 13.55 + 2.38
5 pg/ml 9.13 +£1.94 18.82 + 5.95 12.33 +£2.26
10 pg/ml 10.38 £ 0.19 17.94 + 2.03 12.50 +2.42
Control Tracheloside Allantoin
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FIGURE 3: Effect of tracheloside on the proliferation of HaCaT cells through the wound healing assay. HaCaT cells were cultured in a 6-
well plate, scratched, and treated with different concentrations of DMSO only, allantoin, or tracheloside. The results were photographed and
demonstrated healing of the scratched wound with various concentrations of compounds.

the control or allantoin as a positive control. Tracheloside
increased the cell proliferation rate by 13.98%, 18.82%, and
17.94% at 1, 5, and 10 pg/ml, respectively after 24-hour
treatment. As a result of those findings, 38.14%, 106.13%, and
72.83% increased healing activity was observed, respectively,
compared with the control.

3.3. Tracheloside Induced ERK1/2 Phosphorylation. Trachelo-
side treatment promoted the proliferation of HaCaT cells.
To investigate whether signaling kinases including p38,
JNK, and ERK1/2 participated in proliferation, western blot
analysis was performed after treatment with tracheloside
(Figures 4(a) and 4(b)). Phosphorylated ERK1/2 increased
dose-dependently 1.3-, 1.67-, and 2.73-fold by 1, 50, and 10
pg/ml, but phosphorylated JNK was slightly decreased and
phosphorylated p38 did not show any change after treatment
with tracheloside.

4. Discussion

Tracheloside is a type of plant lignan and an analogue of
another plant lignan, arctiin. Arctiin has exhibited some clin-
ical effects including anti-inflammatory, improved immune
response to influenza, and antidiabetic activities [16-18].
However, arctiin has also shown antiproliferative effects [19,
20]. Tracheloside is a known antiestrogenic lignan [21]. Other
effects of tracheloside have yet to be found.

In the present study, we showed that tracheloside pos-
itively affects the proliferation of the keratinocyte, HaCaT,
which is comparable with allantoin as the positive control,
which exhibited less effect on cell proliferation than trache-
loside [12].

ERK1/2, one of the MAP kinase family members, are
phosphorylated and activated by MEK, a tyrosine/threonine
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FIGURE 4: Tracheloside dose-dependently induced ERK1/2 phosphorylation on the HaCaT cells. HaCaT cells were treated with various
concentration of tracheloside and the protein was used in western blot analysis. (a) GAPDH was used as a control, and p38, ERK1/2, and JNK,
which are related with cell proliferation in their phosphorylated forms, were detected. (b) The p-ERK1/2 was quantified with densitometric

analysis and normalized with GAPDH.

kinase [22]. Activated ERK1/2 (p-ERK1/2) can change extra-
cellular stimulus to intracellular signal that control gene
expression, which contributes to the regulation of cell prolif-
eration [23]. Western blot results show that phosphorylation
of ERK1/2 was increased as tracheloside was treated. There-
fore, tracheloside affects proliferation through the regulation
of ERK1/2 phosphorylation [6, 7].

In vivo testing and experiments with epidermal tissue
were not performed in this study. These additional data will
show a clearer effect of tracheloside in cell proliferation.
Based on our research results, tracheloside could be recom-
mended as a lead compound related to wound healing and
skin proliferation. Western blot analysis under a pathway of
ERK1/2 and RT-PCR results about interleukins will aid in the
understanding of how tracheloside stimulates keratinocytes
[24-26].

In conclusion, tracheloside can be used as a good can-
didate to promote wound healing. Furthermore, it could be
utilized as therapeutic uses for wound treatment.
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