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Introduction

Abstract

Background: Wound healing is a complex, multifactorial process in which poor healing in
chronic wounds has emerged as the most significant complication in recent years. Jojoba oil (JO)
has been traditionally used for its medicinal properties, especially for skin disorders. Studies
suggested its potential wound-healing activity in-vitro. However, the underlying mechanism by
which JO promotes the rejuvenating process is unclear in-vivo. The present study was aimed at
evaluating the wound-healing activity of JO in both normal and delayed healing.

Methods: Excision wounds were inflicted by surgical method on the anesthetized rats. Animal
wounds were explored for their healing activity by photography in-vivo. Expression of ERK,
collagen, VEGF and PDGF was investigated using western blot.

Results: Topical administration of JO (0.5 ml/wound, twice a day) showed significant wound
healing activity. All groups demonstrated a significant increase (p<0.001) in wound contraction
percentage except dexa+JO versus control. 100% wound closure was seen on day 12 in JO
treated group when compared to the control which showed complete closure on day 15. We
found that JO-treated animals showed an increase in the expression of collagen, VEGE, PDGF
and ERK whereas dexamethasone displayed no expression. In the histopathology and Masson
trichrome staining, the control group showed granulation tissue with no scab and epithelium,
dexamethasone group exhibited the presence of less granulation tissue when compared with
the control and treatment groups. The JO group depicted mature granulation tissue with more
epithelial growth and the dexa+JO group, showed granulation tissue with little epithelial growth
when compared, with the JO group. Masson trichrome staining showed matured collagen in the
JO group when compared with the diseased group.

Conclusion: These findings suggest that JO activates ERK signaling, collagen formation, VEGE,
PDGEF expression which shows the plausible potential of JO in accelerating the healing process,
more efficiently in delayed wound healing.

Wound healing is a complex, firmly regulated process
which is essential for skin’s barrier function to remain
intact.! A fully healed wound is one that has returned to
its original anatomical form, function, and appearance
within a fair amount of time, normally after a simple
injury. It may also be described as a wound that has
healed completely without the need for drainage or
dressing.? Some wounds, on the other hand, do not heal in
a timely and orderly fashion, leading to permanent, non-
healing wounds. Delay in wound healing remains a major
problem® and is associated with diseases like diabetes,
obesity and hypertension. Delayed wounds start off as
acute wounds with a fibrin clot, but they get caught in an
inflammatory process for a long time. It has been suggested

that the prolonged inflammatory process induces an
increase in the levels of matrix metalloproteases (MMPs),
plasmin, thrombin and elastase like proteases which
destroy extracellular matrix (ECM) components thus
damaging growth factors, and their receptors, all of which
are essential in the healing process.” Examples of chronic
wounds include ulcers such as venous ulcer, diabetic foot
ulcer, pressure ulcers, ischemic ulcers and infected wounds
such as surgical or traumatic wounds. There are some
agents that delay the wound healing process including
non-steroidal anti-inflammatory drugs (NSAIDs). Delayed
wound healing can be life-threatening to patients under
steroid therapy.

According to both anecdotal and empirical evidence,
many natural products have wound healing
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properties.® Jojoba (Simmondsia chinensis) is one such
herb that has piqued the interest of many scientists with
respect to wound healing mechanisms. Jojoba liquid
wax (jojoba oil) is made up of a combination of long
chain fatty alcohols and acids like oleic acid, linoleic
acid, arachidonic acid, palmitoleic acid, and others, all of
which contribute to wound healing.” Its unique chemical
structure, which includes high viscosity, oxidative stability,
and low volatility, makes it a versatile commodity with a
wide range of industrial and medicinal applications.”
In vitro experiments highlighted minimal cytotoxic
effects of jojoba oil (JO) on fibroblasts and immortalized
human keratinocytes (HaCaT)," implying that JO can
be categorized as a non-toxic agent that can be used
safely for both external applications on healthy skin and
on wound dressings. Fibroblasts normally migrate to the
wound site to begin the proliferative phase of repair and
deposition of matrix, while keratinocytes are involved in
the re-epithelialization phase. It was seen that JO notably
accelerated closure of wound by acting on fibroblasts and
keratinocytes. JO also had the ability to induce collagen 1
synthesis in fibroblasts."" These findings were sufficient to
warrant further research on in-vivo studies of JO.

Mitogen activated protein kinase (MAPK) signaling is
involved in regulating the migration and proliferation of
cells. Extracellular signal regulated kinase (ERK) has been
extensively studied as one of the important signal pathways
of various cell migration, through activation of MAPK."*
' ERK/MAPK signaling also gets activated during skin
injury and ERK/MAPK has shown its effect directly on
keratinocyte migration in in-vitro models. The down
regulation of this pathway ultimately decreases the cell
migration and proliferation thus making skin repair critical.
ERK pathway regulates the expression of collagen and
other growth factors and JO according to previous studies
has been reported to enhance collagen synthesis. Studies
also suggested that the mechanism behind the action of
JO is regulation of phosphoinositide 3 kinase -mammalian
target of rapamycin (P13K-mTOR) pathway. Upregulation
of pathways enhances the healing process by increasing
epithelial cell migration and proliferation.! Thus, we
hypothesized that JO may hasten wound healing by
accelerating cell migration and proliferation. This research
was proposed to investigate the possible wound healing
effects of JO, given its widespread cosmetic use and
dermatological properties on dexamethasone(dexa)-
induced delayed wound healing.

Methods

Animal studies were carried out according to the
Committee for Control and Supervision of Experiments on
Animals (CCSEA) guidelines. Animal experiments were
performed at Central Animal Research Facility, MAHE,
Manipal. Animal studies were approved by Institutional
Animal Ethics Committee (IAEC/KMC/43-2021). Forty-
eight healthy inbred albino rats of the Wistar strain (150-
200 g) were used. All animals were housed at controlled

room temp (23+2°C) and were provided with food and
water ad libitum. The surgical intervention for excision
wound model was carried out by using ketamine (80mg/
kg) and xylazine (10 mg/kg) as anesthesia.'®

Chemicals

JO (cold pressed, virgin and unrefined) was obtained from
Urban Botanics Pvt. Ltd. Dexona vial (dexamethasone),
ketamine and xylazine vials were obtained from Radha
Medicals, Manipal.

Excision wound model

Wound size of 500 mm?* was excised by surgical method
on the dorsal region, 5 cm away from the ear of the
animal. After hemostasis, the Wistar rats were placed back
in cages and test compound were administered.*

Wound contraction area measurement

The percent of wound area contraction is measured using
the following method

Percentage Wound contraction = [(initial wound size (Day
0) — specific day wound size (Day 2, 4, 6, 8, 10, 12, 15)/
initial wound size (day 0)] x100

Period of epithelialization measurement

Complete epithelialization is considered as the scab to
fall off, without leaving any raw wound behind and the
number of days required was considered as the period of
epithelialization.

Experimental design and evaluation of wound healing
Based on reference 4 with some modifications done,
animals were divided into four groups of six each. The first
group was kept as control for normal wound healing, the
second group was controlled for delayed wound healing
(0.17 mg/kg Dexamethasone given intramuscularly (IM))
consecutively for the first four days and then on alternate
days. The third group involved tests for normal healing (0.5
ml/wound of 100% Jojoba oil, twice daily). Fourth group
was test for delayed healing (0.17 mg/kg Dexamethasone
IM, consecutively for the first four days and then on
alternate days." A topical dose of 0.5 ml/wound of 100% JO
oil, twice daily).

Excision wounds were inflicted by surgical method
in rats under ketamine and xylazine anesthesia. A 15-
day dosing period was given to rats in groups 2, 3 and 4.
The area of the wound was measured every alternate day,
using the Image ] software and the wound contraction
percentage was calculated. After 15 days of treatment,
animals were euthanized by cervical dislocation using
ether as anesthesia,'” and the wound tissues were collected
and stored in -80 “C deep freezer for western blotting and
in 10% formalin for histopathology and Masson trichrome
staining.

Western blotting

Wound tissue samples were homogenized using
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radioimmunoprecipitation assay buffer (RIPA) buffer
for lysis of cells with protease inhibitor and phosphatase
inhibitor. The obtained lysate was centrifuged at 16000
rpm for 20 min, supernatant was collected, and protein
levels were estimated using Pierce bicinchoninic acid
(BCA) Protein Assay kit (Thermo fisher Scientific). Fifty
ug of proteins were separated using 10% sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
then transferred onto PVDF membrane. The membranes
were blocked using 3% bovine serum albumin (BSA) in
1X tris-buffered saline with 0.1% Tween 20 detergent
(TBST) for 2hrs. The membranes were washed three times,
10 min each using TBST then incubated with the primary
antibodies at 4 ‘C overnight, followed by incubation with
horseradish peroxidase conjugated anti IgG Secondary
antibody. The primary antibodies for phosphorylated
extracellular signal-regulated kinase (p-ERK), ERK,
Collagen-1 and 3, VEGE, alpha tubulin (House Keeping),
HRP Secondary antibody (Goat anti-rabbit IgG) were
purchased from E-labScience. The blots were detected
using ECL solution (Westar Antares, Cyanagen, Bologna,
Italy). Quantification of protein bands’ intensities was
conducted using Gel documentation system (Syngene
GBox Chemi XRQ).™

Histological assessment of wound healing

For granulation tissue formation, angiogenesis, epidermal
regeneration, inflammatory cell infiltration, and collagen
deposition, the tissue sections were stained with Masson
trichome and Haematoxylin and eosin staining.'” Scoring
was done from mild to moderate in order to indicate
the level of healing in dexamethasone induced delayed
wounds. Scoring for histology was represented as +, ++,

Day-0 Day-2 Day-4
: ST

Normal

Dexa+Jojoba

.

+++, - (+Mild, ++ Moderate, +++ Extensive, - Absent).

Statistical analysis

Data was presented as Mean + SEM. The wound
contraction percentage was analyzed and compared by
two-way analysis of variance (ANOVA) test followed by
post hoc Bonferroni’s test. Western blot data was analyzed
using one-way analysis of variance followed by post hoc
Tukey test.

Results

Figure 1 depicts the representative images of the wounds of
four groups. The progress of wound healing on days 2, 4, 6,
8,10, 12 and 15 can be seen. In the normal healing groups
(control and JO), the wounds from the JO group showed
faster contraction compared to the wounds of the control
group. In the delayed healing groups (dexamethasone
alone and dexa+JO), dexamethasone group showed
delayed healing when compared to control and the wounds
of the dexa+JO healed faster compared to the wounds of
dexamethasone alone.

On days 8 and 10, a significant difference (p<0.001) in
percentage wound contraction was observed in dexa+JO
treated rats when compared to dexamethasone alone. On
day 10, a significant difference (p<0.001) in percentage
wound contraction was noted in JO-administered rats
when compared to dexamethasone. On day 15, all the
groups demonstrated significant increase (p<0.001) in
percentage wound contraction except dexa+jojoba oil
versus control. 100% wound closure was seen on day 12
in Jojoba treated group when compared to control which
showed complete closure on day 15. However, the period
of wound closure was delayed in dexamethasone treated

- ] - 5 o g
v — B - J s Bl
Figure 1. Representative photographs of excision wounds of control, jojoba oil, dexamethasone and dexa+JO groups on various days of
wound healing (n=6).
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groups. i.e., dexamethasone alone and dexa+JO groups
when compared to control groups. On day 15 jojoba
showed significant increase in wound closure (p<0.00001)
when compared with dexamethasone alone and with dexa
+ jojoba (Figure 2).

150+ +

1 o E& control
g ae o " S jojoba
& 100+ B dea
8 2 dexatjojoba
g 501
N
oL

Figure 2. Effects of Jojoba oil on the contraction of the wound in
normal & delayed wounds. Where * p< 0.1, **p<0.01, ***p<0.001,
****n<0.0001. Data was presented as Mean + SEM & n=6. The
percentage of wound contraction was analyzed and compared by
two-way analysis of variance (ANOVA) test followed by post hoc
Bonferroni’s test. Comparison is done between groups.

Effect of Jojoba oil on ERK, VEGE, Collagen expression by
Western blot

Extracellular signal-regulated kinase (ERK) is a signaling
pathway which helps in the regulation of cellular processes
like cell growth, proliferation, apoptosis and helps in
wound healing through MAP signaling. In this study, we
found that in the dexamethasone group, phosphorylation
of ERK and expression of VEGE, Collagen was decreased
significantly compared to the normal control, and jojoba
group as well as JO+dexa group significantly increased
the phosphorylation of ERK and expression of VEGF and
collagen (Figure 3).

Effect of Jojoba oil on histopathological changes on wound
healing process in dexamethasone induced delayed wound
healing

Epidermal regeneration, granulation tissue formation,
fibroblast ~ proliferation, angiogenesis and collagen
deposition are the pillars of wound healing. The present
study involved the histopathology of day 15 samples to
observe the acceleration of healing with JO. Epidermal
regeneration, fibroblast proliferation, angiogenesis and
collagen deposition were observed in jojoba oil treated
groups (Figures 4-6).

DEXA + JO DEXA JOJOBA NC
A
— | — ERK
— — L — P-ERK
—
— — VEGF
| PDGF
—
I —— COL-1
—— CcO1-3
| eRCmT—— a-"Tubulin

PERKIERK ratio
VEGF/a-tubulin

PDGF/a-tubulin

Figure 3. Effect of Jojoba oil on ERK, VEGF, PDGF, COL-1, COL-3 Expression. (A) Representative images of the blots; (B) p-ERK/ERK
ratio; (C) VEGF/a-tubulin ratio; (D) PDGF/ a-tubulin ratio; (E) Col-1/ a-tubulin ratio; (F) Col-3/ a-tubulin ratio. Data is represented as Mean
+ SEM; ***P<0.001, **P<0.01, *P<0.1 when compared with normal control, treated and dexa groups. Sample data (n=6) was analyzed b

One Way ANOVA using Tukey as post hoc test.
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A B

HORMAL CONTROL GROUP

NORMAL CONTROL GROUP DEXAMETHASONE GROUP
— TR

at 100x. Figure B showing epithelium, haemorrhagic areas and granulation tissue at 100X.

Discussion

Our findings present a scientific evaluation of properties
of jojoba oil on dexamethasone induced delay in wound
healing and because jojoba oil is a non-toxic substance and
has a unique chemical structure, 25% similar to human
sebum, causes rapid re epithelialization, collagen, and new
blood vessels formation. Jojoba oil is beneficial and has
traditional as well as folklore use in the cosmetic and skin
care industry.?® Our findings suggest that jojoba oil has fast
and effective healing capacity, for use in both normal and
delayed wounds.

Wound healing is a multifactorial process that involves
collagen synthesis, re-epithelialization, cell migration,
and cell proliferation. Delayed wound healing has become
a clinical issue in recent years, and synthetic therapeutic
compounds are too expensive, which has drawn our
attention towards natural compounds. Due to its

exceptional properties, including providing a light feeling
and containing natural omega-9 and vitamin E, jojoba oil
is widely used in beauty cosmetics. Jojoba oil can be safely
applied to skin injuries, thus aiding in skin rejuvenation. An
in-vitro study has shown that jojoba oil has the capability
to stimulate collagen-1 synthesis in fibroblasts. The
MAPK signaling pathway, especially Extracellular signal-
regulated kinase (ERK), plays a vital role in cell migration
and proliferation. Jojoba oil has already been studied in
vitro and has been reported to activate the PI3-Akt-mTOR
pathway in both fibroblasts and keratinocytes, which is an
integral part of wound healing. However, its activity in in-
vivo dexamethasone-induced delayed wounds has not been
elucidated. Hence, this study was undertaken to determine
whether jojoba oil has the capacity to heal dexamethasone-
induced delayed wounds.

We performed an excision wound model and treated the

b Vs e's

108 I B
Figure 5. Effect of JO on histopathology (Haematoxylin & Eosin

staining). Figure showing Fibroblast, inflammatory cells and blood
vessels at 400X.

Figure 6. Effect of JO on collagen deposition by Masson trichrome
staining. Images captured at 100X.
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animals for 15 days. Ondays 2, 4,6, 8,10, 12,and 15, animals
were monitored for wound closure, and images were taken
using a digital camera. The images were analyzed using
Image J software. On days 8 and 10, a significant difference
(p<0.001) in percentage wound contraction was observed
in rats treated with dexa+JO compared to those treated with
dexamethasone alone. On day 10, a significant difference
(p<0.001) in percentage wound contraction was noted in
rats administered with JO compared to those treated with
dexamethasone alone. On day 15, all groups demonstrated
a significant increase (p<0.001) in percentage wound
contraction except for the dexa+jojoba oil group compared
to the control. Complete wound closure was observed on
day 12 in the jojoba-treated group, compared to the control
group, which showed complete closure on day 15.

It has been reported by Rodrigues et al.*' that VEGF and
its signaling molecule ERK, which regulate inflammation
and angiogenesis, are decreased in chronic wounds. It has
also been observed that there is low expression of collagen
1 and collagen 3 in chronic wounds. Previous studies by
Ranzato et al."' showed that jojoba oil accelerates wound
closure by acting on both fibroblasts and keratinocytes
in normal wounds, and the mechanism behind this is
through the PI3K-Akt-mTOR pathway. The wound
tissues collected on day 15 were subjected to western
blot analysis, which revealed that jojoba oil increased the
expression of phospho-ERK, VEGEF, and PDGF compared
to the dexamethasone-treated group, and the expression
of collagen-1 and collagen-3 compared to the control and
dexamethasone-treated groups. These findings provide
insight into how jojoba oil accelerates healing in delayed
wounds by activating ERK/MAPK signaling.

Collagen is important for skin healing as it helps in
the formation of the extracellular matrix, which plays
a vital role in the healing of acute or delayed wounds.
Re-epithelialization is crucial for wound healing, as the
cellular and molecular processes involved are important
in healing. It is the ability of the wound to heal properly
and swiftly by coordinating the proliferation and
migration of keratinocytes present at the wound area.
From the western blot analysis, Masson trichome staining,
and histopathological images, we observed that jojoba
oil increased the formation of new blood vessels, re-
epithelialization, myofibroblasts formation, and collagen
synthesis.

Histopathology and Masson trichome staining in the
controlgroup showed the woundareawith scab, neutrophilic
aggregates, granulation tissue consisting of inflammatory
cells (lymphocytes), fibroblasts, and new blood vessels
(angiogenesis). The dexamethasone group showed the
wound area with epithelial formation and scab. The scab
area showed the presence of cell debris and neutrophilic
aggregates. Some areas showed discontinuous epithelium,
7-11 layers in thickness. The granulation tissue consisted
of inflammatory cells (lymphocytes), fibroblasts, and new
blood vessels (angiogenesis). Impairment of granulation
tissue formation is observed in chronic wounds. Systemic

steroids cause wounds to heal with incomplete granulation
tissue and reduced wound contraction. In the JO group,
the epithelium was seen above the granulation tissue and
was 3 to 8 layers in thickness. The granulation tissue seen
beneath the epithelium was more mature, consisting of
few inflammatory cells (lymphocytes), fibroblasts, and
new blood vessels (angiogenesis). The dexamethasone
+ JO group showed the wound area with scab consisting
of cell debris and neutrophilic aggregates. The epithelium
was discontinuous with 3 to 8 layers in thickness. The
granulation tissue seen beneath the epithelium consisted
of a few inflammatory cells (lymphocytes), fibroblasts, and
new blood vessels (angiogenesis). The JO group showed
the presence of mature granulation tissue with significant
epithelial growth. Similarly, the dexa+JO group also
showed granulation tissue with limited epithelial growth
compared with jojoba oil treatment. Masson trichome
staining showed mature collagen in the JO group compared
with the diseased group. Thus, it can be concluded that
jojoba treated groups showed significant granulation tissue
formation and formation of new blood vessels compared to
the disease control, indicating that jojoba oil can promote
wound healing in delayed wound healing conditions.

Our findings present a scientific evaluation of the
properties of jojoba oil on dexamethasone-induced delay
in wound healing, and because jojoba oil is a non-toxic
substance with a unique chemical structure, 25% similar
to human sebum, it causes rapid re-epithelialization,
collagen, and new blood vessels formation. Jojoba oil is
beneficial and has traditional as well as folklore use in the
cosmetic and skincare industry. Our findings suggest that
jojoba oil has fast and effective healing capacity for use in
both normal and delayed wounds.

Conclusion

The JO group depicted mature granulation tissue with more
epithelial growth and matured collagen when compared
with the diseased group. It also increased the expression
of collagen, VEGE, PDGF and ERK. JO counteracts the
dexamethasone-induced delay in wound healing but
has no beneficial action on normal healing. This alludes
to a promising topical agent for the treatment of delayed
wounds as seen in diabetic patients.
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