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Highlights

e Varying bioactivity between Aloe arborescens varieties and extract preparation (gel or leaf).

o ‘Eloff’ and ‘Jack Marais’ ethanolic leaf extracts (at 50 ug/mL) exhibited percentage closure of 56.06
+ 1.47 and 73.72 £ 0.65 %, respectively (p < 0.05).

e ‘Jack Marais’ gel and ethanolic leaf extract (at 50 pg/mL) increased platelet-derived growth factor-
AA secretion to 601.09 £ 97.77 and 559.43 £ 112.52 pg/mL, respectively (p < 0.05).



Abstract

Various Aloe L. species have been used worldwide to soothe and treat dermal wounds and burns. However,
there is a lack of substantiative research on the efficacy of Aloe L. species for wound healing. The aim of this
study was to investigate the differences in biological activities of the gel and ethanolic (EtOH) leaf extracts of
seven Aloe arborescens Miller varieties. The extracts were investigated for their antibacterial activity against
wound-associated bacteria, Staphylococcus aureus (ATCC 6538 and ATCC 25293) and Pseudomonas
aeruginosa (ATCC 9027), as well as their nitric oxide (NO) scavenging potential. Varieties with antibacterial
activity were further evaluated for wound closure and growth factor stimulation in human keratinocytes
(HaCaT). The EtOH leaf extract of the ‘Eloff’ and ‘Jack Marais’ varieties displayed antibacterial activity
against S. aureus

ATCC 25293 (MIC of 500 and 250 pg/mL, respectively). The EtOH leaf extract of ‘Jack Marais’ displayed
an MIC of 500 pug/mL against S. aureus ATCC 6538. The gel extract of ‘Le Roux’ exhibited antioxidant
activity with a half maximal inhibitory concentration (ICso of 2696 + 582.66 png/mL). The EtOH leaf extracts
of ‘Eloff’” and ‘Jack Marais’ showed significant (p < 0.05) wound closure of 56.06 + 1.47 and 73.72 £ 0.65%,

respectively at 50 pg/mL and the ‘Jack Marais’ gel extract significantly stimulated wound closure (p < 0.05)

by 77.02 £ 1.97 and 71.51 + 1.11% at 50 and 100 pg/mL, respectively. Both the ‘Jack Marais’ gel extract
(at 50 and 100 pg/mL) and the EtOH leaf extract (50 pg/mL), significantly (p < 0.05) increased platelet-
derived growth factor (PDGF-AA) secretion to 601.09 = 97.77, 1035.00 = 913.98 and 559.43 + 112.52
pg/mL, respectively. The ‘Jack Marais’ EtOH leaf extract exhibited the highest antibacterial activity, whereas

the gel extract displayed the greatest potential to stimulate wound closure. This not only suggests a difference

in biological activity among varieties but also between the type of extract (gel or leaf).

Keywords: Wound healing, Aloe arborescencs Miller, antibacterial, Staphylococcus aureus, Pseudomonas

aeruginosa, nitric oxide scavenging, scratch assay, platelet-derived growth factor (PDGF-AA)



1. Introduction

The wound healing process is a dynamic and complex system that involves numerous cellular factors and
four overlapping stages, namely, haemostasis, inflammation, cellular proliferation and tissue maturation
(Halloran and Slavin, 2002). Upon injury to the dermal layer, blood rushes to the wound site to allow inactive
blood platelets to interact with exposed cellular collagen and become activated. This interaction facilitates
blood clotting, through the recruitment and coagulation of red blood cells (RBCs) and actin filaments, to
prevent further bleeding from the wound (Barrientos et al., 2008). White blood cells (WBCs) and neutrophils,
also known as natural killer cells, near the wound site detect and destroy pathogens that may have entered the
exposed tissue, whilst simultaneously clearing away cell debris (Fang et al., 2010). This detection of
pathogenic proteins leads to the production and secretion of pro-inflammatory signaling molecules, such as
nitric oxide (NO), by macrophages and neutrophils (Haroon et al., 2003). The secreted signaling molecules
initiate the inflammatory response recruiting additional immune cells to the wound site to fight pathogenic
entry. Excessive production of nitric oxide at the wound site has been implicated in prolonged recovery times,
particularly in chronic wounds, therefore a balance between excessive and baseline nitric oxide production is
necessary (Schulz and Stechmiller, 2006). This leads to inflammation around the wound as blood rushes to
the injury site facilitating clotting and pathogenic destruction (Halloran and Slavin, 2002). Activated
macrophages continue to recruit immune cells and secrete cytokines that stimulate the formation of granulation
tissue, which consists of collagen and actin filaments. The granulation tissue acts as an extra-cellular matrix
in which normal cellular functions may occur to facilitate tissue repair (Almine et al., 2012). The actin
filaments within the granulation tissue contract while nascent dermal cells, like human keratinocytes,
concurrently proliferate and migrate, to aid wound closure. Once the wound has completely closed, the final
remodeling stage of the wound healing process ensues where the tensile strength of the nascent tissue increases
(Li et al., 2013). The proliferation of human keratinocytes, is stimulated by various growth factors that are
secreted by numerous somatic cells, including keratinocytes, during the stages of wound healing.

Growth factors secreted by keratinocytes which are involved in the regulation of wound healing include;
angiopoietin-2 (ANGPT2), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), macrophage
colony-stimulating factor (M-CSF), platelet-derived growth factor (PDGF-AA), vascular endothelial growth
factor (VEGF) and erythropoietin (EPO) (Barrientos et al., 2008). Each of these growth factors have
overlapping functions in wound healing through the modulation of angiogenesis and cell migration (Barrientos
et al., 2008; Lynch et al., 1989). Complications or imbalances with the wound healing process may lead to
negative downstream effects such as chronic wounds or pathogenic infection (Aldridge, 2015). Bacterial
infection may cause increased inflammation at or around the wound site causing excessive swelling, which
may hinder the wound healing process (Aldridge, 2015). Adverse pathogenic infection of wounds may spread

to deeper tissues of the body and may reach the bloodstream, causing bacteremia. Thereafter, pathogens may



travel to other tissues of the body which could potentially trigger a rapid inflammatory response throughout
the affected tissues, leading to septicemia (Zielin,ska-Borkowska, 2012). Excessive swelling and inflammation
restricts blood flow to vital organs, or may hinder normal functioning of cellular mechanisms, ultimately
leading to organ failure and even death (Churpek et al., 2017). Due to the unpredictability and rapid
progression of septicemia, it has been deemed difficult to treat, whereas prevention by maintenance of wound
infection is more plausible and presumably easier to achieve (de Janerio, 2019). Furthermore, studies have
shown that pathogenic bacteria such as Staphylococcus aureus (37%) and Pseudomonas aeruginosa (17%) are
the predominating pathogens isolated from patients suffering from pathogenic wound infection preceding
septicemia (Churpek et al., 2017; Cohen and Kurzrock, 2004; Micek et al., 2005). This highlights the
importance of developing an affordable treatment with antibacterial and anti-inflammatory properties that
simultaneously facilitates healthy wound healing, through the stimulation of growth factors and ensures
efficient and rapid wound recovery.

The use of medicinal plants as a source for novel drug discovery is made evident by the incorporation of
these plants into various traditional medicine practices throughout the world (Ekor, 2014). According to a
survey conducted by the World Health Organization (2019), it is estimated that over 80 % of individuals in
South Africa use medicinal plants as a primary source of healthcare due to the lack of availability and
affordability of modern treatments.

Aloe arborescens Miller, also known as “Krantz aloe”, is a perennial flowering succulent from the
‘Xanthorrhoeaceae’ family, has been used for its wound healing properties throughout South Africa. This
succulent readily hybridizes and there are a large number of varieties found throughout South Africa which
may provide a wide range of ethnomedicinal properties (Hankey and Notten, 2021). The leaves are utilised
across several South African cultures (such as the Zulu, Xhosa and Khoisan) for various ailments, including
the use of leaf decoctions for pain-relief and immune boosting properties to livestock. The raw leaves are bitter
in taste and are thus ingested to alleviate stomach aches, nausea and constipation. Despite being indigenous
to South Africa, the inner leaf gel of A. arborescens has been reported to have wound healing and anti-
inflammatory properties and is thus utilised to treat and soothe minor cuts, irritations and burns throughout

the world (Pellizzoni et al., 2012).



Despite the wide-spread use of this Aloe L. species, there is a lack of research conducted on the bioactivity
of different A. arborescens varieties. Therefore, the aim of this study was to identify the potential wound
healing activity of A. arborescens varieties by investigating the antibacterial, antioxidant and
antiproliferative effects and the potential stimulatory effects on growth factors associated with wound
healing. Furthermore, the aim was to determine whether there were any differences in bioactivity among the
seven varieties of A. arborescens originating from the Kirstenbosch National Botanical Garden collection,

namely: ‘Eloff’, ‘Huntley’, ‘Jack Marais’, ‘John Winter’, ‘Le Roux’, ‘Matthews’ and ‘Rycroft’.

2. Methods and materials

2.1. Materials and reagents

Bacterial strains of S. aureus (ATCC 6538 and ATCC 25293) and P. aeruginosa (ATCC 9027) were
purchased from Anatech Analytical Technology (Johannesburg, SA). Reagents used to conduct the
antibacterial assay, such as Nutrient Agar/Broth, Tryptic Soy Agar/Broth, vancomycin (purity 2: 90 %) and
ciprofloxacin (purity 2: 98%), were acquired from Sigma Chemicals Co. (St. Louis, MO, USA). PrestoBlue®
was obtained from Life Technologies (Johannesburg, SA). The human

keratinocyte (HaCaT) cell line was donated by the University of Cape Town. Reagents used for cell culture
maintenance, such as Dulbecco's Modified Eagle Medium (DMEM), foetal bovine serum (FBS), phosphate
buffer saline (PBS), penicillin, streptomycin and amphotericin B, were supplied by ThermoFisher Scientific
(Johannesburg, South Africa). Cell culture consumables, such as sterile cell culture flasks and microtiter plates
were purchased from Lasec SA (Pty) Ltd (Midrand, South Africa). Other reagents, such as sodium
nitroprusside, actinomycin D (purity 2: 95%), ascorbic acid (purity 2: 98%), and Griess-Ilosvay’s nitrite
reagent, were acquired from Sigma Chemicals Co. (St. Louis, MO, USA). The LEGENDPlex™ Growth Factor
Panel Flow Cytometry Kit was purchased from Biocom Biotech (Pty) Ltd (Centurion, SA).

2.2. Plant material collection and extraction

Clonal plant material of seven A. arborescens varieties that were originally obtained from the Kirstenbosch
National Botanical Garden collection, was collected in late January 2020 from the Manie van der Schijff

Botanical Garden (-25.752406, 28.229718) at the University of Pretoria (Table 1). The voucher specimen
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numbers were obtained from the Kirstenbosch National Botanical Garden. For each plant specimen, the gel
was separated from the leaf epidermis, and the gel was subsequently homogenized by blending and thereafter
filtered through a cheesecloth. The gel filtrate was then freeze-dried with a freeze-dryer (ICHR101530, Alpha
1-2 Ldplus (Lasec SA (Pty) Ltd)) to obtain dried gel extracts. The leaf epidermis material was oven-dried at 37
°C and subsequently ground to a powder using a mortar and pestle. The powdered plant material was extracted
at room temperature (25 °C) with absolute ethanol (99 %) and placed on a shaker (Shaking Platform from
Labdesign Engineering (Pty) Ltd.) for 48 h before being vacuum-filtered and freeze-dried to obtain ethanolic
leaf extracts. The extracts were then stored at 4 °C until further use. See Table 1 for the percentage yield

obtained for each extract.



Table 1. Accession numbers of the A. arborescens varieties and the percentage extraction yield obtained for each extract

Aloe arborescens Accession Plant part Plant material weight ~ Extract mass Percentage extraction
Miller variety number collected (g) obtained (g) yield (%)
Eloff KBG Gel 112.54 0.61 0.54
1985/196 Leaf 14.30 0.55 3.85
epidermis
Huntley KBG Gel 369.64 3.57 0.97
1988/209 Leaf 64.03 3.39 5.29
epidermis
Jack Marais KBG Gel 104.34 0.57 0.55
1993/417 Leaf 12.97 0.26 2.00
epidermis
John Winter KBG 2001/74  Gel 128.42 0.86 0.67
Leaf 22.81 0.99 4.34
epidermis
Le Roux KBG 2001/93  Gel 224.47 1.83 0.82
Leaf 42.76 1.03 2.41
epidermis
Matthews KBG Gel 135.43 0.86 0.64
1985/214 Leaf 13.32 0.53 3.98
epidermis
Rycroft KBG Gel 72.18 0.84 1.16
1983/667 Leaf 24.38 1.28 5.25
epidermis

2.3. Antibacterial assay

Pure cultures of S. aureus (ATCC 6538 and ATCC 25293) and P. aeruginosa (ATCC 9027) were maintained
on sterile tryptic soy and nutrient agar plates, respectively. The A. arborescens variety extracts were evaluated
for their antibacterial activity according to the method described by Lall et al (2013). Briefly, 24 h
subcultures of S. aureus and P. aeruginosa were inoculated in correspondence with the 0.5 McFarland
standard (1.5 x 10® colony forming units per mL (CFU/ mL)) in the appropriate broth and the resulting
solutions were diluted further for use in the assay (1:1000). Stock concentrations of the extracts were

prepared (2 mg/mL in 10% DMSO) and serially diluted and tested in triplicate at a final concentration of

7.81 - 500 pg/mL. Vancomycin (at a stock concentration of 200 pg/mL) was used as a positive control

against S. aureus (tested at a final concentration of 0.39 - 50 ng/mL), whereas ciprofloxacin (at a stock

concentration of 200 pg/mL) was used as a positive control against P. aeruginosa (tested at a final
concentration of 0.039 - 5 pg/mL). Other controls included in the assay were media without bacteria, bacteria
only (negative control) and a DMSO vehicle control (tested at a final concentration of 0.02 - 2.5 % v/v).
Bacteria were added to all the wells (excluding the media controls) and the plates were subsequently incubated
at 37°C for 18 h. After incubation, 20 puL of PrestoBlue® reagent was added to all wells to act as an indicator
of bacterial growth and plates were incubated for 20 min. PrestoBlue® _is a reagent that acts as an indicator of

bacterial viability as the reagent changes from blue to pink in colour in the presence of viable cells. This colour
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change is due to the reduction of resazurin to resorufin by cellular oxidoreductase enzymes within viable cells
(Lall et al., 2013). The minimum inhibitory concentration (MIC) for each extract was then determined by
visual analysis based on the observed colour change, with blue indicating bacterial inhibition and pink

indicating bacterial growth.

2.4. Cell culture

Human keratinocytes (HaCaT) were cultured in DMEM supplemented with 10 % heat-inactivated FBS, 1
% amphotericin B (250 mg/ mL), and 1 % antibiotics (100 pg/mL streptomycin and 100 U/mL penicillin) and
were incubated at 37°C and 5 % COz. After an 80 % confluent monolayer formed, cells were subcultured using

0.25 % trypsin-0.01 % EDTA for 5 min before being resuspended in complete DMEM media.

2.5.Antiproliferative effects on HaCaT cells

The antiproliferative activity of the A. arborescens extracts was evaluated on HaCaT cells according to the
method described by Lall et al (2013). Cells were plated in sterile 96-well microtitre plates at a concentration
of 1 x 10scells/mL (10,000 cells/well), followed by 24 h incubation at 37°C and 5 % CO., to allow for cell
attachment. Controls included media with (100 % cell viability) and without cells (0 % cell viability) and a
vehicle control (1 % DMSO) and a toxic inducer control (DMSO tested final concentration of 0.625 - 20 %).
The extracts (at stock concentrations of 40 mg/mL in DMSO) were serially diluted and tested at a final
concentration of 3.13 - 400 pg/mL. The plates were subsequently incubated further for 72 h, where after 20
uL PrestoBlue reagent was added to act as an indicator for cell viability and the plates were incubated for a
further 2 h. The fluorescence of the colour complex was measured at an excitation of 560 nm and an emission
of 590 nm using a VICTOR_Nivo™ Multimode Microplate Reader (PerkinElmer South Africa (Pty) Ltd.).

Percentage cell viability was calculated for each extract using the following formula;

A — A
% Cell viability = (Atreatment = Avtanid| 1 00,

(Acontrol - Ablank)

With, ‘A’ indicating Fluorescence, ‘ Ablank” indicating fluorescence of media without cells (0% cell
viability control), ‘Acontrol” indicating fluorescence of vehicle control (1 % DMSO) and ‘ Atreatment’” indicating
fluorescence of treatment. Analysis was performed using the GraphPad Prism Version 4.0 (San Diego,
California, USA) software to obtain the half maximal inhibitory concentration (ICso) of the extracts and

toxic inducer.



2.6.Nitric oxide scavenging assay

The nitric oxide scavenging assay was conducted according to the method described by Mayur et al (2010)
to evaluate antioxidant activity. The extracts (at stock concentrations of 8 mg/mL) were first serially diluted
in 96-well plates to be tested at a final concentration of 31.25 - 4000 ug/mL. The positive control, ascorbic
acid (at a stock concentration 2 mg/mL), was tested at final concentration of 15.63 - 2000 pg/mL. The vehicle
control (DMSO) was tested at a final concentration of 0.16 - 20 %. Fifty microliters of sodium nitroprusside
(10 mM) was then added to all the wells before the plates were incubated at room temperature for 90 min.
After incubation, Griess reagent was added to all the wells (100 uL), except the blank colour controls prepared
for each extract, in which distilled water was added instead (100 uL). The plates were then incubated at room
temperature for 5 min, and subsequently read at 546 nm using a BIO-TEK Power-Wave XS multi-well reader

using the KC Junior software and the percentage NO inhibition (%) was calculated using the formula;

Appre_ (A, — A
% NO inhibition = |—2anK (A — Aw) x 100%

Abplank

With ‘Aviank’ indicating average vehicle control absorbance, ‘A¢’ indicating absorbance of the treatment
and ‘Aw’ indicating the absorbance of the colour blank of the treatment. The obtained data were further
analysed using the GraphPad Prism Version 4.0 software to determine the concentration needed to scavenge

50% NO (ICso).

2.7.Wound healing assay and growth factor quantification

The scratch assay was conducted according to the method described by Liang et al. (2007), with slight
deviations, to determine the effect of the gel and leaf extracts on the proliferation and migration of HaCaT cells.
A monolayer culture of HaCaT cells were prepared by plating cells at a concentration of 1.5 X 10° cells/mL
(150,000 cells/well) in 24-well microtitre plates, which were incubated for 24 h (at 37°C and 5 % CO2). A
wound was simulated by using a 1000 pL pipette tip to scratch a cross into the monolayer and cell debris was
subsequently removed by replacing the media (1 mL) with fresh complete media. The simulated wounds were
subsequently treated with gel and EtOH leaf extracts of ‘Jack Marais’ and ‘Eloff’ at two non-lethal
concentrations, 50 and 100 pg/mL. Cell viability standard controls, such as sterile media, with and without cells,
and a vehicle control (0.25 % v/v DMSO) were included in the experiment. Each treatment was evaluated in
duplicate. Images were taken of the scratches at 0 h, immediately after addition of the extracts. The plates were

then incubated for 18 h (at 37°C and 5 % CO2) and images were taken again, thereafter. Two independent
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experiments were performed. The 0 h and 18 h images were processed using the ImageJ Version 1.53e software
to determine the area of the wound before and after incubation. The images were processed in the following
manner: (1) The image was converted to 8-bit, (2) before the addition of a bandpass filter, to obtain a pixelated
image. To intensify the appearance of the scratch border, (3) the threshold of the resulting image was
automatically adjusted and (4) the radius of the pixels was adjusted to a size 7 or higher. Any unwanted or
discrepant areas were (5) excluded manually with the paintbrush tool. To calculate the area of the scratch, (6)
the scratch outline was selected with the wand tool and the (7) analyse-measure function was implemented to
obtain the area value. The resulting areas at 0 h and 18 h were recorded and used to calculate percentage

wound closure with the following formula:

X 100%

Aopr — A
% Wound closure = [( Ohr 18hr)

AOhr

With ‘A’ indicating area. In preparation for the quantification of growth factors, the plates were
subsequently centrifuged at 980 rpm and cell-free supernatant was obtained from all wells and frozen at -
80 °C until use. Cell viability of the cells comprising the simulated wound was determined by the addition of
PrestoBlue® cell viability reagent to the remaining media and the fluorescence was read as described in the
antiproliferative assay method (Lall et al., 2013). The quantification of growth factors was conducted using
the LEGENDPlex™ Human Growth Factor Panel Kit from BioLegend, and the cell-free supernatants which
were prepared according to the protocol provided by the manufacturer (Cat # 740180). The experiment was
conducted in a V-bottom 96-well microtitre plate provided with the LEGENDPlex™ Human Growth Factor
Panel Kit and flow cytometer setup was conducted according to the manufacturer’s protocol. The
preparation included the addition of 25 pL of thawed supernatants, standards (tested at a final concentration
of 0 - 10,000 pg/mL for M-CSF and 0 — 50,000 pg/mL for ANGPT2, EPO, FGF, HGF, PDGF-AA and
VEGF) and blanks to the correlating wells in the 96-well microtitre plate. Thereafter, assay buffer (25 pL),
pre-mixed beads (25 pL) and 25 pL detection antibodies were added to all wells and the plate was incubated
for 2 hrs with consistent shaking (800 rpm). After the incubation time, without washing, 25 pL of
streptavidin-phycoerythrin (SA-PE) conjugate was added to the plate before a further incubation time of
30 min with shaking (800 rpm). Thereafter, the plate was centrifuged for 5 min (4000 rpm) and the

remaining supernatant was removed without disturbing the bead pellet. The beads were then washed and
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resuspended in 200 uL wash buffer. The extracts were then read on a BD Accuri™ C6 Plus Flow Cytometer
BD Biosciences (San Diego, CA, USA) guided by the LEGENDPIlex™ protocol (Biolegend, 2021). The

flow rate was set to slow and the number of beads to be acquired to 2000-2500 on Beads A gate and B gate.

2.8.Statistical analysis

Antibacterial assays were performed in duplicate with three independent experiments (n = 3) and results
were reported based on visual MIC analysis. The scratch assay, and cell viability, were performed in
duplicate with two independent experiments (n=2), whereas the antiproliferative assay and NO scavenging
assay were performed in triplicate with three independent experiments (n = 3) and the results were reported
as mean + standard deviation. GraphPad Prism Version 4.0 software was used for calculation of the ICso to
obtain the non-linear regression analysis of the sigmoidal dose-response curves (with constraints top and
bottom constraints of 100 and 0, respectively). Results obtained from the growth factor quantification were
analysed using the LEGENDPIexTM v8.0 data analysis software to obtain the specific growth factor
concentrations (pg/mL), which were further analysed with the GraphPad Prism Version 4.0 software. The
results for the scratch assay and the growth factor quantification were subjected to a one-way ANOVA in
comparison to the vehicle control (0.25 % DMSO) and subsequent analysis by Dunnett’s multiple
comparison test or Bonferroni posttest (specified in the results section) using GraphPad Prism Version 4.0

software, and results with *p < 0.05 and **p < 0.01 were regarded as statistically significant.

3. Results

3.1.Antibacterial activity against wound associated bacteria

Visual MIC analysis identified that the EtOH leaf extracts of A. arborescens varieties ‘Eloff” and ‘Jack
Marais’ displayed antibacterial activity against strains of S. aureus. The ethanoic leaf extract of ‘Eloff’

displayed antibacterial activity against only one strain of S. aureus (ATCC 25293) with MIC value of
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500 pg/mL, whereas the EtOH leaf extract of ‘Jack Marais’ exhibited antibacterial activity against S. aureus
ATCC 25293 (MIC of 250 pg/mL) and ATCC 6538 (MIC of 500 pg/mL). All other extracts displayed no
antibacterial activity against either strain of S. aureus at the highest tested concentrations (MIC > 500
pg/mL). The vancomycin positive control against both strains of S. aureus exhibited an MIC of 0.78 pg/mL.
The ciprofloxacin positive control against P. aeruginosa exhibited an MIC of 0.08 pg/mL, however, none of
the extracts displayed antibacterial activity against P. aeruginosa (ATCC 9027) at the highest tested

concentrations (MIC > 500 pg/mL).

3.2.Antiproliferative activity on HaCaT cells

The antiproliferative effects of the extracts on HaCaT cells was tested to determine potential toxicity
against normal human keratinocytes. Furthermore, the results would identify non-toxic concentrations at
which to test the extracts in the scratch assay and for growth factor quantification. Cell viability, based on
fluorescence readings of PrestoBlue® viability reagent, indicated that none of the extracts displayed
antiproliferative activity against HaCaT cells at the highest tested concentrations in comparison to the media
and vehicle controls (ICso > 400 pg/mL). According to a literature study conducted by Kuete and Efferth
(2015), the obtained values fall under the proposed cut-off ICso value indicating no cytotoxicity (ICso > 400

pug/mL) and so the extracts were deemed non-toxic.

3.3.Nitric oxide scavenging activity

The nitric oxide scavenging activity for the A. arborescens variety extracts were investigated to identify
the potential antioxidant action within the wound site as a possible mechanism of action. The ascorbic acid
positive control exhibited ICso of 54.78 + 7.83 pg/mL, however, only the gel extract of ‘Le Roux’ exhibited
potential antioxidant activity by inhibition of nitric oxide with an ICso value of 2696 + 582.66 pg/mL,

whereas the other extracts displayed 1Cso> 4000 pg/mL.
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3.4.Effect on wound closure

Extracts which showed antibacterial activity (EtOH leaf extracts of ‘Eloff” and ‘Jack Marais’) were
evaluated for potential wound healing activity using the scratch assay which provides insight into the effect
of the extracts on the proliferation and migration of cells in a simulated wound. Even though none of the gel
extracts exhibited antibacterial activity, the gel extracts of ‘Eloff” and ‘Jack Marais’ were also included in
the scratch assay due to the use of A. arborescens leaf gel in traditional wound healing practices (Koshioka
et al., 1982). Gel and EtOH leaf extracts of the ‘Eloff” and ‘Jack Marais’ varieties were tested at 50 and
100 ug/mL. The percentage wound closure (%) for each sample was determined and compared to the vehicle
control (0.25 % DMSO) (Figure 1). Figures 2 and 3 present images obtained of the scratch assay which were
further analysed for calculation of the percentage wound closure values for each sample. The ‘Eloff” variety
gel extract (at 100 pg/mL) showed a significant increase in wound closure (54.20 + 1.11% increase (p <
0.05)) (Figure 1, [A]), whereas the ‘Jack Marais’ variety gel extract (at 50 and 100 pg/mL) significantly
stimulated wound closure (11.16 £ 1.97 % and 5.65 = 1.11 % increase, respectively (p < 0.01) (Figure 1,
[B]). Both ‘Eloff” and ‘Jack Marais’ variety EtOH leaf extracts significantly stimulated wound closure at a
concentration of 50 pug/mL (3.98 + 1.47% and 7.86 + 0.65%, respectively (p < 0.01)), however not at 100

pug/mL.
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Figure 1. Percentage wound closure (%) of A. arborescens extracts on HaCaT cells. [A] Percentage wound closure
(%) of A. arborescens ‘Eloft” gel and EtOH leaf extract [B] Percentage wound closure (%) of A. arborescens ‘Jack

Marais” gel and EtOH leaf extract. With * and ** indicating p < 0.05 and p < 0.01, respectively.
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Figure 2. Scratch assay results (at 0 h and 18 h incubation time) of untreated media control, vehiclecontrol (0.25 % DMSO)
and A. arborescens ‘Jack Marais’ gel and EtOH leaf extracts. [A] Untreated media control at 0 h and [B] after 18 h incubation [C]
Vehicle control after 0 h and [D] after 18 h incubation. [E] A. arborescens ‘Jack Marais’ gel extract (50 pg/mL) after 0 h and [F]
after 18 h incubation. [G] A. arborescens ‘Jack Marais’ gel extract (100 pg/mL) after 0 h and [H] after 18 h incubation. [I] A.
arborescens ‘Jack Marais’ leaf extract (50 pg/mL) after 0 h and [J] after 18 h incubation. [K] Aloe arborescens ‘Jack Marais’ leaf

extract (100 png/mL) after 0 h and [L] after 18 h incubation.
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Figure 3. Scratch assay results (at Oh and 18h incubation time) of untreated media control, vehicle control (0.25% DMSO) and
A. arborescens ‘Eloff” gel and EtOH leaf extract. [A] Untreated media control at 0 h and [B] after 18 h incubation. [C] Vehicle
control after 0 h and [D] after 18 h incubation. [E] A. arborescens ‘Eloff” gel extract (50 ug/mL) after 0 h and [F] after 18 h
incubation. [G] A. arborescens ‘Eloff” gel extract (100 pg/mL) after 0 h and [H] after 18 h incubation. [I] A. arborescens ‘Eloff’
leaf extract (50 pg/mL) after O h and [J] after 18 h incubation. [K] A. arborescens ‘Eloff” leaf extract (100 pg/mL) after 0 h and

[L] after 18 h incubation.

3.5.Effect on growth factor secretion in HaCaT cells

The quantification of growth factors secreted from HaCaT cells treated with both gel and EtOH leaf

extracts of ‘Jack Marais’ and ‘Eloff” was determined. Cell viability of HaCaT cells remaining after
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collection of the cell free supernatant treated with ‘Eloff” and ‘Jack Marais’ extracts indicated no toxicity at
both 50 and 100 pg/mL after 18 hr of exposure (Figure 4A&B). The EtOH ‘Eloff” leaf extract (at

100 pg/mL) and the ‘Jack Marais’ gel extract (at 100 pg/mL) significantly increased production of growth
factor PDGF-AA compared to the vehicle (0.25 % DMSO) control (Figure 5, [B] & [C]). ‘Eloff” gel

(50 pg/mL) and EtOH leaf (100 pg/mL) exhibited an increase in human M-CSF, although these did not
prove to be statistically significant (Figure 5, [A] & [B]). ‘Jack Marais’ gel extract (100 ug/mL) increased
ANGPT?2 and decreased M-CSF, whereas the EtOH leaf extract (50 and 100 pg/mL) was shown to decrease

ANGPT?2 and M-CSF (Figure 5, [C] & [D]), however, these results did not show statistical significance.
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Figure 4. Cell viability (%) of human keratinocytes (HaCaT) treated with gel and EtOH leaf extracts (at 50 and 100 pg/mL) of

(A) A. arborescens ‘Eloff” and (B) A. arborescens ‘Jack Marais’ after 18 h.
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Figure 5. The effect of the vehicle control (0.25 % DMSO) and A. arborescens extracts (at 50 and 100 pg/mL) on the
production (pg/mL) of human growth factors in HaCat cells. Growth factor quantification for [A] ‘Eloff” gel extract, [B] ‘Eloff’

EtOH leaf extract, [C] ‘Jack Marais’ gel extract and [D] ‘Jack Marais’ EtOH leaf extract. * Indicating results statistically

significant in comparison to the control (p < 0.05).

4. Discussion

Aloe arborescens has been successfully investigated for its use to treat skin irritations and dermal wounds in
male Wistar rats and New Zealand white rabbits (Jia et al., 2008). Whole-leaf juice of A. arborescens, which
was topically applied to scalpel-produced wounds showed significantly reduced wound severity compared to
the control in both rat and rabbit models after 4 days of observation. Furthermore, no symptoms of irritation

or inflammation were observed in any of the rats within the 14 day period.
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A methanolic, warm-water and cold-water extracts of the leaf epidermis of A. arborescens showed
antibacterial activity against S. aureus exhibiting zones of inhibition (ZOI) of 8, 4 and 5 mm respectively
(Bisi-Johnson et al., 2011). There were no reports on the antibacterial activity of A. arborescens against P.
aeruginosa. In a study by Lucini et al (2015), it was hypothesised that A. arborescens may accelerate wound
healing by down-regulating inflammation via the elimination of oxidative stress in the wound site. In this
study, dissolved powdered whole-leaf, leaf epidermis and gel extracts of A. arborescens showed 2,2-
diphenyl-1-picryl hydrazyl (DPPH) radical scavenging activity with trolox equivalent values of 71 = 7 puM,
183 + 37 uM and 83 = 8 puM, respectively (Lucini et al., 2015). In a study conducted by Di Luccia et al
(2013), the effect of A. arborescens on the differentiation of human keratinocytes was investigated.
Differentiated human primary keratinocytes and HaCaT cells supplemented with whole-leaf cold-water
extract of A. arborescens (1:10 v/v) were significantly shrunken and pluristratified (having several
stratifications) when compared to the untreated control. Furthermore, protein differentiation biomarkers,
such as Involucrin and Transglutaminase, were significantly expressed at higher levels in aloe-treated cells.
These reports suggest that A. arborescens may accelerate the differentiation of human keratinocytes which
may ultimately stimulate the wound healing process.

The potential wound healing activity of the A. arborescens extracts was evaluated by identifying their
antibacterial, antioxidant activities and their stimulatory effects on growth factors associated with wound
healing. Varieties that showed promising antibacterial activity were further selected to identify their effects
on wound closure and stimulation of growth factors. The antibacterial assays conducted displayed that the
ethanoic leaf extract of ‘Eloff” exhibited an MIC of 500 pg/mL against S. aureus strain ATCC 25293,
whereas the EtOH leaf extract of ‘Jack Marais’ exhibited MIC values of 250 pg/mL and 500 pg/mL against
S. aureus strains ATCC 25293 and ATCC 6538, respectively. According to Shirinda et al. (2019),
antibacterial activity displayed by plant extracts are considered note-worthy when exhibiting MIC values <
160 pg/mL, whereas MIC values between 160 pg/mL and 1000 pg/mL are moderately active. Furthermore,

MIC values larger than 1000 pg/mL are considered to display weak antibacterial activity. Therefore, the
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ethanolic leaf extracts of “Eloff” and “Jack Marais” variety display moderate antibacterial activity against
strains of S. aureus.

Only the EtOH leaf extracts of ‘Eloff” and ‘Jack Marais’ varieties exhibited antibacterial activity against
strains of S. aureus (Gram-positive bacteria), but not P. aeruginosa (Gram-negative bacteria). This
corresponds with a study conducted by Bisi-Johnson et al (2011), in which EtOH leaf extracts of A.
arborescens exhibited promising activity against Gram-positive bacteria as opposed to Gram-negative
bacteria, where aqueous and EtOH leaf extracts exhibited antibacterial activity against Escherichia coli
(Gram-negative bacteria) (10.08+0.29 and 18.75+3.96 mm, respectively) Bacillus cereus (Gram-positive
bacteria) (22.75+2.18 and 25.17+5.67 mm , respectively), Bacillus licheniformis (Gram-positive bacteria)
(14.83£2.89 and 17.50+4.60 mm , respectively) and Staphylococcus epidermidis (Gram-positive bacteria)
(21.00+5.69 and 17.08+3.37 mm , respectively), (Bisi-Johnson et al., 2011). However, there are no previous
reports on the antibacterial activity of A. arborescens against S. aureus and P. aeruginosa.

Further studies suggests that various Aloe L. species possess antibacterial activity against Gram-positive
bacteria due to the presence of anthraquinononecompounds which react with and destabilize the
peptidoglycan outer membrane of the bacterial cell wall (Malik and Christa, 2016; Malmir et al., 2017). In a
study conducted by Koshioka et al. (1982), the anthraquinone content within the leaf gel of A. arborescens
Mill. var. natalensis Berger was found to be 2.17 %. However, there is a lack of research that focusses on
the isolation of anthraquinone-type compounds from A. arborescens.Antiproliferative activity of the extracts
was conducted to determine whether the extracts were toxic to human keratinocytes and to determine non-
toxic concentrations for subsequent testing in the scratch assay. The results displayed that the extracts of A.
arborescens varieties were non-toxic in comparison to the media and vehicle controls (ICs0> 400 pg/mL).
This corresponds with reports by Bisi-Johnson et al. (2011), where fractions of methanolic extracts of A.
arborescens leaves displayed an ICso value >1000 pg/mL against HaCaT cells. Furthermore, clinical trials
conducted on 3069 patients (3-14 years old) exhibited that A. arborescens is safe as a concomitant treatment.

The study evaluated the effects of A. arborescens on chronic and reoccurring respiratory tract illnesses,
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which showed that A. arborescens treatment reduced symptoms and reoccurrences of respiratory tract illness
in 71 % of the patients with no toxic side effects (Singab et al., 2015).

The in vitro NO scavenging activity of the A. arborescens varieties was evaluated to identify extracts
which may exhibit antioxidant action by reduction of NO. Antioxidant activity against NO may provide
insight to whether or not the extracts may show anti-inflammatory activity. All A. arborescens extracts were
deemed non-active at the highest tested concentrations (ICso> 4000 pg/mL), except for the ‘Le Roux’ gel
extract (2696 + 582.66 pug/mL). This suggests that A. arborescens varieties may not inhibit inflammation
through NO scavenging, but possibly by an alternative mechanism, like targeting NO synthesis in
macrophages through the inhibition of inducible nitric oxide synthase (iNOS).

Aloe arborescens EtOH extracts that displayed antibacterial activity were further selected to evaluate their
effect on wound closure. Their respective gel extracts were also included in the scratch assay in order to
determine differences in bioactivity between the different extract preparations.. Gel and EtOH leaf extracts
of ‘Eloff” and ‘Jack Marais’ (at 50 and 100 pg/mL) were evaluated using the scratch assay to determine their
effect on the proliferation and migration of HaCaT cells. The results displayed that the gel and EtOH leaf
extracts of ‘Jack Marais’ (at both 50 and 100 pg/mL) and the EtOH leaf extract of ‘Eloff” (at 50 pg/mL)
exhibited a significant increase in percentage wound closure in comparison to the vehicle control (p < 0.05)
(Figure 1). These results suggest that extracts of ‘Jack Marais’ and ‘Eloff” varieties may stimulate the
proliferation and migration of HaCaT cells, especially at lower concentrations as opposed to higher
concentrations. This may be due to bioactive compounds which may have a stimulatory effect on cellular
proliferation at low concentrations but may exhibit inhibitory or modulatory properties when in excess at
higher concentrations. To elucidate the possible mechanism of action, the supernatants from the scratch
assay were further subjected to growth factor quantification to determine the effect of extract treatment on
concentrations of growth factors involved in the wound healing process.

The ‘Jack Marais’ gel extract (at 100 pg/mL) and the ‘Eloff” EtOH leaf extract (at 100 pg/mL) displayed
significant stimulation in the production of the PDGF-AA growth factor (p < 0.05) (Figure 3, [B] and [C]).

Human PDGF-AA is a growth factor that regulates cell growth and proliferation in various cells, including
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human keratinocytes. Thus, the upregulation by treatment with these extracts corresponds to the significant
increase in percentage wound closure compared to the control (Figure 1). However, these results still do not
account for the larger increase in wound closure at 50 pg/mL compared to 100 pg/mL. Based on these
results, it could be hypothesized that increasing the extract concentration may correlate with increased
PDGF-AA concentration. However, this does not translate to higher stimulation of wound closure within the
scratch assay where concentrations of 50 pg/mL resulted in increased wound closure compared to at

100 pug/mL. This is unexpected as PDGF-AA acts as a potent mitogen in keratinocytes. This may occur via
alternative anti-migration mechanisms, such as the regulation of other cytokines involved in wound healing
rather than growth factors involved in proliferation. Furthermore, the scratch assay gives insight to the effect
of the extracts on both migration and proliferation of HaCaT cells without distinguishing between the two

Processes.

5. Conclusion

Ethanolic leaf extracts of ‘Jack Marais’ and ‘Eloff” variety displayed promising antibacterial activity
against strains of S. aureus, but not P. aeruginosa. The nitric oxide scavenging assay revealed low
antioxidant activity by NO scavenging for all extracts. Extracts prepared from the ‘Jack Marais’ variety
exhibited a significant increase in percentage wound closure compared to the control, whereas percentage
wound closure of ‘Eloff” variety extracts were statistically similar to the control. This suggested that the
‘Jack Marais’ extracts may have stimulatory effects on the proliferation and migration of HaCaT cells.
However, further testing may be conducted to identify the effect of the extracts on other factors of wound
healing, such as the effect of extract treatment on in vivo blood vessel formation (angiogenesis) by chick
chorioallantoic membrane (CAM) assay (Aleksandrowicz and Herr, 2015). This may give insight to
alternative pharmacological potential of aloes to stimulate wound healing. Growth factor quantification
identified that the stimulation of wound closure did not correspond with the up-regulation of human growth
factor PDGF-AA, and thus it was hypothesised that the stimulation of wound closure may occur via an

alternative mechanism, such as the stimulation of cytokines involved in wound healing. Possible cytokines
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to investigate in this regard includes tumour necrosis factor alpha (TNF-), interleukin 1, interleukin 6 and
interleukin 7 which are pro-inflammatory cytokines involved in wound healing. Further testing may be
conducted to identify potential anti-inflammatory activity of the A. arborescens varieties in wound healing,
possibly by the inhibition of iNOS. The intracellular nitric oxide inhibition assay may be another way to
potentially determine in vitro inhibition of iNOS activity of the extracts in stimulated murine macrophages
(RAW 264.7). This assay aims to determine the effect of extract treatment on the amount of NO produced
by iNOS enzyme in macrophage cells (Esposito et al., 2014). Furthermore, the effect of the extracts on cell
migration alone may be evaluated by an alternative assay, such as the transwell migration assay, in order to
exclude the potential effect of natural cell proliferation on wound closure (Pijuan et al., 2019). Based on the
results obtained in this study, A. arborescens displayed varying wound healing potential among varieties and

different extract preparations, which warrants further investigation towards potential clinical use.
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