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ARTICLE INFO ABSTRACT

This study was performed to evaluate the antidiabetic and wound healing activity of plumbagin in diabetic rats
by macroscopical, biochemical, histological, immunohistochemical and molecular methods. Percentage of
wound closure and contraction was delayed in diabetic rats when compared to non-diabetic group. There was
significant reduction in period of epithelialization, collagen and protein content. Serum insulin level was sig-
nificantly lowered together with increase in glucose level in diabetic rats. Lipid levels were increased sig-
nificantly with concomitant decrease in HDL level. The mRNA levels of Nrf2, collagen-1, TGF-f} and a-SMA were
significantly lowered whereas Keap-1 levels were increased in diabetic rats. The level of lipid peroxides was
increased while the levels of antioxidants were lowered significantly. ELISA results reveal upregulated levels of
inflammatory markers. Western blot result shows upregulated levels of CD68 and CD163 proteins in wound area
of diabetic rats. Histopathological observation revealed increased inflammatory cells infiltration in diabetic
control. Immunofluorescent staining and immunohistochemical analysis also displayed delayed wound healing
in diabetic groups. Diabetic rats treated with 10% and 20% plumbagin showed increased epithelialization,
collagen deposition, increased serum insulin level and increased antioxidant status. Lipid peroxides and lipid
levels were lowered significantly with increase in HDL level. Inflammatory markers were lowered, and growth
factors expressions were increased markedly. Thus, the results of the study indicated that plumbagin adminis-
tration could improve wound healing activity and could serve as a potent antidiabetic and anti-inflammatory
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agent.

1. Introduction

Diabetes Mellitus (DM), the most common and prevalent disease
which is increasing at an alarming rate worldwide and the complica-
tions of diabetes accounts for the disease burden among diabetic pa-
tients. The health burden resulting from diabetes is because of the
lifestyle changes [1]. Diabetes mellitus is a chronic metabolic disease
with unenthusiastic effects on wound healing. Diabetes has the effect of
decreasing wound and the levels of hydroxyproline. The troubles en-
countered through wound healing in diabetic patients include granu-
lation of tissues, decreased cellular infiltration, the amount and for-
mation of collagens and angiogenesis. This leads to a worsen infectious
complications. Although, the causes of these problems seen in diabetes
cannot be fully understood, hyperglycemia is commonly held re-
sponsible for these circumstances. Increased levels of blood glucose
have been shown to inhibit cell proliferation and collagen production.
Furthermore, conditions that cause a decrease in growth factors and

* Corresponding author.
E-mail address: drgzhslw@sina.com (F. Xue).

https://doi.org/10.1016/j.1f5.2019.04.048

fibroblast proliferation, and apoptosis increase injury in the tissue cells.
Infections caused by a decrease in chemotaxis and phagocytosis, have
shown to have adverse effects of hyperglycemia on wound healing as
well [100].

The chronic wounds such as diabetic foot ulcers, pressure ulcers and
venous leg ulcers are a major problem to wound healing specialization
and use a great deal of healthcare resources around the worldwide [26].
Opening of the normal skin that might have resulted from physical
injuries or by injuries from heat is usually referred to as wounds [2,3].
These wounds are capable of causing disruption to the normal anatomy
of skin and its functions. Apart from healing wounds, non-healing
wounds have emerged as a major and threatening health care concern
worldwide [4-6]. Wounds can be categorized into chronic and non-
chronic wounds, among which the non-chronic wounds are closely as-
sociated with DM which is a common disease worldwide at present
[7-10]. To manage the issues that contribute to late wound healing are
vital components of an inclusive approach to wound care and at present
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the principal challenges to the therapy of chronic wounds. For wounds
that fail to resolve after 4 weeks of standard care, reassessment of the
underlying pathology and consideration of the need for advanced
therapeutic agents should be undertaken.

Wound healing or repair is a dynamic and complex process which
involves four phases such as hemostasis, inflammation, proliferation
and remodeling [11-14]. The multifactorial process of wound healing
can be possibly delayed by the presence of infectious microbes [15,16]
or by the presence of free radicals [11,16]. Inflammation plays a vital
role in the d disturbance of the normal healing pathological cascade.
Chronic wound caused by various factors including, pressure, arterial,
venous, and diabetic ulcers, can be observed during a juxtaposition of
normal healing and the rogue inflammatory response created by the
common mechanism surrounded by chronic wounds such as hypoxia,
ageing, bacterial colonization and ischaemia-reperfusion injury [102]
and increased expression of inflammatory cytokines [17-19], elevated
matrix metalloproteases (MMPs) and elastases [20,21] disturbed neo-
vascularization, changes in morphology of collagen, decreased collagen
deposition, increased proteolytic activity, decreased production of
growth factors, impaired endothelial function and impaired angiogenic
responses. Decreased or impaired deposition of collagen, high blood
glucose level [22] and increased ROS production is found to be posi-
tively correlated with delayed response in wound healing [23,24].

Wound healing represents a challenging societal and medical pro-
blem which tends to affect the quality of life in majority of the popu-
lation [25]. The patients with chronic diabetic wound require hospi-
talization and the treatment options remains unruly because of the
complex association of cellular and molecular peculiarity in those
persons. Early diagnosis and treatment among those individuals may
reduce the risk of morbidity and mortality [26]. Numerous synthetic
forms of drugs are available in the market for the treatment of wound,
but they are at expensive cost and it also results in adverse effects.
Allergic reactions and resistance to drugs are the major problems that
limit the usage [4]. This leads to the development of an alternative and
effective treatment approach for treating diabetic wounds. The usage of
medicinal plants or its bioactive components which possess numerous
pharmacological properties might pave way for developing a new
therapeutic strategies for treating diabetic wounds [5,29].

Plumbagin (5-hydroxy-2-methyl-naphthalene-1,4-dione) is one such
bioactive phytoconstituent which is present in relatively higher con-
centration in the roots of Plumbago zeylanica [30]. It constitutes about
0.03% of dry weight of the roots [31]. The root portion of the plant
contains various bioactive constituents such as coumarin, naphthoqui-
none, binaphthoquinones and anthroquinones [32]. Plumbagin is a
naphthoquinone and it has been shown to possess numerous ther-
apeutic properties which is capable of treating diseases of the liver and
spleen, diarrhea, dysentery, leprosy, fevers and various infections
[33-35]. It has also been shown to have protective effects such as an-
ticarcinogenic, anti-atherosclerotic, anticoagulant, antimutagenic, hy-
polipidemic, antibacterial, antifungal, anti-fertility, cardioprotective,
antioxidant, antimalarial, antihyperglycemic and anti-inflammatory
properties [36-40]. Besides these pharmacological properties, the stu-
dies related to diabetes and wound healing property of plumbagin has
not been done extensively and the literature evidences is also limited.
Hence, with this background, our present study aimed to investigate the
protective role of plumbagin on wound healing properties in diabetic
rats.

2. Materials and methods
2.1. Chemicals and reagents
Streptozotocin (STZ), Plumbagin from Plumbago indica (CAS

Number 481-42-5; Fig. 1) were procured from Sigma Aldrich. All other
chemicals used were analytical grade.
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2.2. Animal procurement and maintenance

Male wistar albino rats of body weight around 200 + 20g were
procured from Shandong Provincial Hospital Affiliated to Shandong
University and used for the study. The rats were maintained in standard
conditions in animal house under relative humidity and temperature.
Rats were fed with commercial rat feed (pellets) and water ad libitum.
Prior 7 days to the start of the experiment, the rats were acclimatized to
the animal house environment. All the experimental procedures were
approved by the Institutional Animal Ethics Committee and the
guidelines are followed strictly throughout the experimental period
(ethical committee approval number for animal sanction).

2.3. Diabetes induction

Single intraperitoneal injections of streptozotocin (STZ) and nico-
tinamide was used to induce experimental diabetes in overnight fasted
rats. First, nicotinamide was dissolved in sterile water and injected at a
concentration of 110 mg/kg body weight. After 15 min, STZ, dissolved
in 0.1 M of cold citrate buffer (pH 4.5), was injected at a concentration
of 55 mg/kg body weight. After 72 h, diabetes was confirmed by mea-
suring the tail vein blood glucose using a glucometer (Bayer Contour TS
Blood Glucose Monitor). After three days of induction, rats with blood
glucose level > 250 mg dL ™' were considered as diabetic and used for
the in vivo experiments. Plumbagin was dissolved in 0.1 M DMSO and
topically applied on rats with excision wounds. The rats were divided
into four groups, each group comprising six rats:

2.3.1. Incisional wound model

The rats were anesthetized with 3% isoflurane during surgery. The
hairs on the back were shaved using an electric clipper after the rats
were unconscious. The dorasal hair of rats was removed and then two
10 mm diameter full thickness wounds were created with sterile biopsy
punch. For wound healing, the rats were randomly divided into four
groups each contains 6 rats (n = 6):

Group I: Normal control group.

Group II: Diabetes control group.

Group III: Diabetic animals treated with 10% plumbagin applied
topically on excision wounds.

Group IV: Diabetic animals treated with 20% plumbagin applied
topically on excision wounds.

2.3.2. Collection of blood samples

After 14 days of plumbagin administration, the rats were anesthe-
tized, and the 2 ml of blood samples were collected into ethylene dia-
mine tetra-acetic acid (EDTA) embedded tubes for hematological ana-
lysis. Another 5ml of blood sample was collected and centrifuged and
the serum was aspirated carefully for various biochemical assays.

2.3.3. Percentage of wound contraction and period of epithelialization

Wound contraction percentage was calculated as the percentage of
wound that has been reduced from the original size of the wound. The
wound area was marked on a transparent sheet and the surface area of
the wound was measured [41]. During the wound healing process, the
epithelialization period was also measured which represents the
number of days taken for healing of the wound.

2.4. Estimation of collagen

The granulated tissues were collected on day 8 which is used for
estimation of collagen content. The fat layer in the tissue samples was
removed using chloroform and methanol mixture (2:1). Then the tissues
which are removed from fat were frozen in acetone. The frozen tissues
were weighed, hydrolysed and dried. The treated samples were made
up to the final volume using double distilled water. From this the
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Fig. 1. Effects of plumbagin treatments on wound contraction.

Photographic representation of contraction rate on different days (1, 7, 14) of normal control (NC), diabetic control (DC), 10 and 20% plumbagin (DC + 10PL &

DC + 20PL) gel applied diabetic wounds.

aliquot was taken and measured at 557 nm spectrophotometrically to
estimate the hydroxyproline content [42]. The assays were performed
in triplicates and the collagen content was calculated [43].

2.5. Total protein estimation

The protein content of skin tissues was determined by the method of
Lowry et al. [1,44] The tissue lysate was treated with a mixture of so-
dium tartrate, copper sulfate and sodium carbonate. The mixture was
left to stand for 10 min and then treated with Folin-Ciocalteu reagent
that resulted in a bluish colour in 20-30 min. The absorbance was taken
at 650 nm using Spectrophotometer.

2.6. Assay of blood glucose and serum insulin

To ensure diabetes induction, venous blood samples were collected
in a fasting state from jugular veins of rats and the blood glucose levels
were determined using a digital glucometer (Accu-Cheks, Roche
Diagnostic, Meylan, France). The fasting blood glucose levels are
monitored on the Oth, 3rd, 7th and 14th day of the experimental period
thoroughly to ensure maintenance. Serum insulin levels were measured
by using enzyme linked immunosorbent assay (ELISA) kit (EZRMI-13K,
Linco Research; St. Charles, MO, USA) according to manufacturer's
guideline.

2.7. Lipid profile analysis

The serum concentrations of total cholesterol, triglycerides, HDL-
cholesterol, and LDL-cholesterol were determined by automatic ana-
lyser technique (Beckman Coulter Inc., Ireland).

2.8. Determination of lipid peroxidation

Lipid peroxidation rate in the wound tissue homogenate was
quantified by measuring (TBARS) reaction as described previously [45].
The wound skin tissue were homogenized in 50 mmol/L Tris-HCL re-
agent (pH7.4) containing 180 mmol/L KCl, 10 mmol/L EDTA and
0.02% butylated hydroxytoluene. TO 0.2 ml of the tissue homogenate,
0.2 ml of 8.1% sodium dodecyl sulfate, 1.5 ml of 20% acetic acid, 1.5 ml
of 0.95% thiobarbituric acid and 0.6 ml of distilled water were added
and mixed well. The reaction mixture was placed in a water bath at
95 °C for 1 h. Then cooling on ice, 1.0 ml of distilled water and 5.0 ml of
butanol/pyridine mixture (15:1, v/v) were added and vortexed. After
centrifugation at 10,000 xg for 10 min, later absorbance of the re-
sulting lower phase was determined at 532 nm. The lipid peroxidation
concentration was calculated by 1,1,3,3-tetraethoxypropane as a stan-
dard and presented as nonomole TBARS per mg of protein.

2.8.1. Estimation of antioxidant status
Tissues was homogenized by 0.02M potassium phosphate buffer
pH7.6 and centrifuged at 6000 rpm. The obtained clear supernatant
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sample was used for estimation of SOD activity by according to the
method of [2,46]. The activity of catalase was estimated by the method
of [3,47]. In brief, this estimation was involves the incubation of a test
tube containing 0.5 mL of H>0, and 0.1 mL of tissue homogenate. After
incubation in water bath at 37 °C for 60 s, after completed the reaction
by adding 0.5 mL of ammonium molybdate solution. A yellow complex
of ammonium molybdate and hydrogen peroxide was formed. The ab-
sorbance was read at 405nm using spectrophotometer. The enzyme
glutathione peroxidase (GPx) [4,48] briefly, To 0.2ml tissue homo-
genate, 0.2 ml of 0.8 mM EDTA, 0.1 ml of 10 mM sodium azide, 0.1 ml
of 2.5 mM H202, 0.2 ml of 4 mM reduced glutathione, 0.4 ml of phos-
phate buffer (0.4 M, pH7.0) were added and incubated at 37 °C for
10 min. The reaction was detained by adding 0.5 ml of 10% TCA and
the tubes were centrifuged at 2000 rpm for 20 min. To the supernatant,
3 ml of disodium hydrogen phosphate (0.3 M) and 1.0 ml of 40% 5, 5’-
Dithiobis-2-nitrobenzoic acid (DTNB) were added and the colour de-
veloped was read immediately at 420 nm in spectrophotometer. Glu-
tathione-S-transferase (GST) [5,49]. In brief, 2 mL of 0.3 M potassium
phosphate buffer (pH 6.35), 75 pL of 30 mM CDNB solution, 725 pL of
distilled water and 0.1 mL of wound tissue sample were added into a
test tube. The test was mixed thoroughly and incubated at 37 °C for
10 min. Following by incubation, the reaction was commencing by
addition of 100 pL of 30 mM reduced glutathione solution. The reduced
in absorbance was read by spectrophotometrically at 340 nm. Glu-
tathione reductase (GR) [6,50] in brief, briefly, 1 mL of 2.728 Mm GSSG
solutions and 40 pL of wound tissue homogenate were incubated in a
water bath at 37 °C for 5 min. After, the reaction was started by addition
of 200 pL of 1.054 mM NADPH solution. The reduced in absorbance was
read at 340 nm by spectrophotometer.

2.8.2. Measurement of the NF-kf3 p65 activity

The wound healing skin, NF-k3 DNA binding activity was measured
by NF-xf p65 transcription factor assay ELISA kit (Active Motif North
America, Carlsbad, CA). NF-kf} activities in the samples were expressed
as activity/OD units.

2.8.3. Measurement of the TNF-a, IL-6, and IL-1f3

The wound healing skin was grind into 10% homogenate, and then
supernatant collected followed by centrifugation at 4000 xg for
15 min. Then, TNF-a, IL-6, and IL-1P levels were estimated by using
ELISA kits according to the manufactures guidelines. The results were
expressed as pg/mL.

2.8.4. Real time PCR

Wound tissue was kept in RNALater solution (Ambion, Austin, TX,
USA) prior to RNA extraction. Trizol was used to extract total mRNA
(Invitrogen, Carlsbad, CA). 1 ug of RNA synthesis into cDNA using re-
verse transcription reaction by Thermo Scientific kit (Burlington,
Canada). The cDNA sample was subjected to PCR analyses using SYBR®
Premix Ex Taq™ (Tli RNaseH Plus) (Applied Biosystems, 850 Lincoln
Centre Drive, Foster City, California 94,404, USA) then reaction mix-
ture was composed of 10 ng of cDNA solution and 9 ul of qPCR Master
Mix (EURx Company, Gdansk, Poland) along with 20 pl of all primers
were used. The obtained qPCR data was analyzed by the DDCT method.
The obtained PCR results, with the Ct value (elbow value of a PCR
amplification curve) as well as the 2~ AT method applied to calculate
the relative expression of the target genes. GAPDH was used as a re-
ference gene. PCR primer sequences used in this study are given in
Table 1.

2.8.5. Histopathological analysis

Pieces of tissue samples from the skin were taken from area of
healed injuries from each group and placed in 10% buffered for-
maldehyde solution to perform histopathological studies. The healed
samples of skin were cut at a thickness of 5um and deparaffinized in
xylene, rehydrated in series of alcohol, and stained with hematoxylin
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and eosin (H & E) and periodic acid-Schiff (PAS). The sections were
visualized using a light microscope at a magnification of x200.
Histological sections were then observed and the changes in the tissues
were recorded in Table 1.

2.8.6. Immunohistochemistry and immunofiuorescence staining

For immunohistochemistry, deparaffinized and rehydrated sections
were heated with 10 mM sodium citrate buffer (pH 6.0) for antigen
retrieval by using a microwave. After washing the sections were
blocked with bovine serum albumin (BSA), and then incubated with
primary antibody (COX, and iNOS (Abcam, Cambridge, UK, 1:100)
overnight at 4 °C. Then the sections were incubated with appropriate
biotinylated secondary antibodies. Then the sections were stained with
3’-Diaminobenzidine (DAB) and counterstained with hematoxylin.
Finally, the sections were viewed under Olympus phase contrast mi-
croscope (Tokyo, Japan).

For immunofluorescence, the sections after deparaffinized, rehy-
drated and antigen retrieval blocked with 5% serum. The sections were
incubated with primary antibody (EGF, VEGF, FGF, MMP-2) at dilution
of 1:100 in PBS overnight at 4 °C. After 3 times washing with PBS, the
sections were incubated with secondary antibody conjugated with
Alexa Fluor® 488 or Alexa Fluor 647 (1:500, Invitrogen, Carlsbad, CA,
USA) for 60 min at room temperature. For counter stain to visualize
nuclei, the sections were mounted using UltraCruz (Santa Cruz, CA,
USA) mounting medium with DAPI. Images were captured with a
fluorescence microscope (Leica DM IRB, Germany).

2.8.7. Western blot analysis

About 30 ug of protein were electrophoresed on a 10% sodium do-
decyl sulfate (SDS) polyacrylamide gel for the analysis of CD68 and
CD163. After running gel electrophoresis, the gels were wet-transferred
on to nitrocellulose membranes. Membranes were blocked using 5%
skim milk powder in TBST for 1h at room temperature prior to anti-
body incubation overnight. Dilution of antibodies were for CD68 and
for CD163 (Abcam, Cambridge, UK, 1:1000). Blots were visualized by
chemiluminescence using a Chemidoc XRS imaging system (Bio-Rad,
Milan, Italy). Densitometry was performed using ImageJ. The house-
keeping protein B-actin (1:1000) was used as the loading control.

2.9. Statistical analysis

All the values are expressed as the mean = SEM (n = 6) and the
results obtained were analyzed using Student's t-test. Statistical ana-
lyses were performed using Graph Pad Prism (version 5.0; Graph Pad
software Inc. San Diego CA, California, USA). The values of p < 0.05,
were considered as statistically significant.

3. Results

3.1. Effect of plumbagin in wound contraction rate and percentage of
wound closure in control and experimental animals

Fig. 1 shows the rate of contraction of the wounds in different days
of the experimental rats. Wound closure rate was calculated as the
percentage of wounds that has been reduced when compared with the
original wound (Fig. 2A). Diabetic control rats (Group II) have de-
creased rate of wound closure when compared to normal control ani-
mals (Group I). The rate of wound closure was significantly increased in
both group III and group IV rats receiving treatment with 10% and 20%
plumbagin. Diabetic rats receiving 20% plumbagin have a higher rate
of wound closure when compared to 10% plumbagin treated diabetic
rats. The percentage of wound closure was significantly increased in all
groups. The percentage of wound closure was significantly increased in
day 14 when compared to day 7 in both control and experimental an-
imals.
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Table 1
Sequences of specific primers used for qPCR.

Gene NCBI accession number Sequence (5’-3") GC% Melting temperature (°C) (Tm) Product size (bp)

Nrf2 NM_031789.2 Forward: 45.83 60.03 77
CATTTGTAGATGACCATGAGTCGC
Reverse: 55.00 59.01
ATCAGGGGTGGTGAAGACTG

Keap-1 NM_057152.2 Forward: 60.00 60.32 74
CTTCGGGGAGGAGGAGTTCT
Reverse: 60.00 61.82
CGTTCAGATCATCGCGGCTG

Collal NM_053304.1 Forward: 55.00 59.96 87
GTACATCAGCCCAAACCCCA
Reverse: 52.38 59.87
TCGCTTCCATACTCGAACTGG

Tgfbl NM_021578.2 Forward: 50.00 59.21 87
GACCGCAACAACGCAATCTA
Reverse: 55.00 60.39
TGCTTCCCGAATGTCTGACG

a-SMA (Acta2) NM_031004.2 Forward: 47.62 59.57 76
TGGAAAAGATCTGGCACCACT
Reverse: 55.00 59.83
TCCGTTAGCAAGGTCGGATG

Gapdh NM_017008.4 Forward: 55.00 60.68 77
AGTGCCAGCCTCGTCTCATA
Reverse: 60.00 60.25
GGTAACCAGGCGTCCGATAC

3.2. Effect of plumbagin in period of epithelization, total collagen and total
protein content

The mean period of epithelialization in diabetic control group was
significantly (p < 0.05) longer when compared with non-diabetic
control animals (Fig. 2B). The epithelization period was significantly

compared with diabetic control group (Group II). The diabetic rats

treated with 20% plumbagin showed even more decrease in period of
epithelization when compared to 10% plumbagin treated rats. The

reduced in animals treated with 10% and 20% plumbagin when
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Fig. 3. Effects of plumbagin treatments on (A) fasting blood glucose (3,7,14 days). (B) Insulin levels in normal control (NC), diabetic control (DC), 10 and 20%
plumbagin (DC + 10PL & DC + 20PL) gel applied diabetic rats. Values (mean = SEM) were obtained from each group of 6 animals. *p < 0.05 compared to NC.

“p < 0.05 compared to DC.

which was significantly lowered when compared with group I. Diabetic
animals treated with plumbagin (10% and 20%) displayed significant
(p < 0.05) improvement in collagen content when compared to dia-
betic control rats and the levels were brought back to near normalcy in
group IV animals.

Total protein content of control and experimental animals was
shown in Fig. 2D. The protein content of the diabetic control animals
was significantly decreased when compared with normal control group.
The diabetic animals treated with 10% and 20% plumbagin displayed
significant improvement in protein content when compared with dia-
betic control rats. However, treatment with 20% plumbagin showed
that the protein content was brought back to near normalcy.

3.3. Effect of plumbagin in fasting blood glucose and serum insulin levels of
control and experimental animals

Fasting blood glucose levels of untreated diabetic rats was sig-
nificantly increased when compared with normal control rats (Fig. 3A).
Significant decrease in blood glucose levels were observed in diabetic
rats treated with plumbagin (Group III and Group IV). The treatment
with plumbagin (10% and 20%) showed significant reduction in blood
glucose levels on day 14 in diabetic rats when compared with normal
control animals. Serum insulin levels of control and experimental ani-
mals were shown in Fig. 3B. The insulin levels in serum of diabetic
control rats was significantly decreased when compared with group I
animals. Treatment with 10% and 20% plumbagin to diabetic rats
showed significant improvement in insulin levels in serum of group III
and group IV animals when compared to diabetic control animals
(Group 1II).

3.4. Effect of plumbagin treatment in serum total cholesterol, triglycerides,
HDL and LDL

The serum lipid profile (TC, TG, HDL and LDL) of control and ex-
perimental animals is represented in Fig. 4. The levels of TC, TG and
LDL were significantly elevated, whereas, the HDL levels were sig-
nificantly lowered in diabetic control rats (Group II) when compared to
normal control animals (Group I). Plumbagin treatment (10% and 20%)
showed improvement in HDL levels together with significant decrease
in serum levels of TC, TG and LDL in group III and group IV animals
when compared with diabetic control animals.

3.5. Effect of plumbagin treatment on mRNA expression of Nrf2, Keap 1,
collagen-1, TGF-f and a-SMA of control and experimental animals

Fig. 5(A-E) illustrates the effect of plumbagin on mRNA expression

of Nrf2, Keap 1, collagen-1, TGF- and a-SMA. The mRNA expression of
Nrf2, collagen-1, TGF-P and a-SMA were significantly decreased when
compared to normal control animals. However, the mRNA expression of
Keap 1 was found to be significantly increased in group II animals when
compared to group I animals. Upon treatment with plumbagin, at 10%
and 20%, showed significant improvement in mRNA expression of Nrf2,
collagen-1, TGF-B and a-SMA, while, the expression of Keap 1 was
found to be significantly lowered in group III and group IV animals
when compared to group II animals.

3.6. Effect of plumbagin treatment on lipid peroxidation and antioxidant
status of control and experimental animals

Fig. 6A represents the extent of lipid peroxidation and Fig. 6(B-F)
represents the antioxidant status of control and experimental animals.
The levels of lipid peroxides in diabetic control rats was significantly
(p < 0.05) increased when compared with normal control animals
(Group I). Treatment with plumbagin significantly lowered the levels of
lipid peroxides in group III and group IV animals when compared to
diabetic control animals. The antioxidant enzymes such as SOD, CAT,
GPx, GR and GST were found to be lowered to a significant extent in
group II animals when compared to normal control group. The plum-
bagin treatment improved and brought back the activities of anti-
oxidant enzymes to near normalcy. The 10% and 20% treated diabetic
rats showed significant improvement in activity of antioxidants when
compared to its untreated counterpart.

3.7. Effect of plumbagin in histopathological examination of control and
experimental animals

Fig. 7(A-B) represents the histopathological changes of wound
healing rats in experimental groups. The epidermal thickness was lower
in diabetic control rats when compared to normal control rats. How-
ever, in diabetic rats to which 10% and 20% plumbagin was adminis-
tered displayed increased thickness of epidermal tissues when com-
pared to diabetic control rats. Moreover, epidermal regeneration,
granulation tissue, angiogenesis, proliferation of fibroblast cells and
collagen deposit was lower in diabetic control rats when compared to
normal control rats. On the other hand, the diabetic rats to which 10%
and 20% plumbagin was administered, showed higher epidermal re-
generation, granulation tissue, angiogenesis, proliferation of fibroblast
cells and collagen deposit when compared to diabetic control rats. In
contrast, inflammatory cells infiltration was higher in diabetic control
rats when compared to normal control rats. Moreover, diabetic rats to
which 10% and 20% plumbagin was administered also showed lower
inflammatory cells infiltration when compared to diabetic control rats
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(Table 2).

3.8. Effect of plumbagin in immunofluorescent staining of EGF, VEGF, FGF
and MMP-2

EGF is one of the growth factors involved in wound healing. In this
present study, immunofluorescence images show that lower EGF dis-
tribution was mainly in the epidermal layer of wound healing diabetic
control rats when compared to normal control rats. However, diabetic
rats to which 10% and 20% plumbagin administered displayed higher

+

SEM) were obtained from each group of 6 animals.

distribution of EGF protein in epidermal layer of the skin when com-
pared to diabetic control rats (Fig. 8A).

VEGF is one of the most prominent angiogenic markers determined
by immunofluorescence. The VEGF protein distribution was lower in
diabetic control rats as compared to the normal control rats. However,
diabetic control rats injected with 10% and 20% plumbagin showed
higher VEGF protein distribution when compared to diabetic control
rats (Fig. 8B).

One more growth factor, FGF induces the activation and prolifera-
tion of fibroblast. Fig. 9A represents immunofluorescence results of FGF

Fig. 7. A-B illustrate the histological changes of wound healing rats in experimental groups. A. shows the microphotographs of normal control (H & E) (B) periodic
acid-Schiff (PAS) view of wound-healing in normal control (NC), diabetic control (DC), 10 and 20% plumbagin (DC + 10PL & DC + 20PL) gel applied diabetic rats.

Scale bar = 50 um. Original magnifications at 100 x.
EP: epidermis; DR: dermis.
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Table 2
Semiquantitative evaluation of histological parameters for the assessment of
wound healing.

Histological parameter NC DC DC + 10PL DC + 20PL
Epidermal regeneration +++ - ++ +++
Granulation tissue + + - + + 4+
Inflammatory cells infiltration - +++ + _
Angiogenesis ++ - ++ 4+
Proliferation of fibroblast cells ++ - ++ ++
Collagen deposit ++ - ++ ++

Notes: +, slight; + +, moderate; + + +, extensive; —, absence.

in the experimental rats. The FGF protein distribution was lower in
diabetic control rats when compared to the normal control rats.
Moreover, the experimental rat to which 10% and 20% plumbagin was
administered showed higher FGF protein distribution when compared
to diabetic control rats.

MMP regulating extracellular matrix degradation and deposition
that is essential for wound re-epithelialization. In this studies, im-
munofluorescence results indicated that MMP-2 protein distribution
was higher in diabetic control rats when compared with normal control
rats. Moreover, diabetic rats injected with 10% and 20% plumbagin
showed lower MMP-2 distribution when compared with diabetic con-
trol rats (Fig. 9B).

3.8.1. Effect of plumbagin on inflammatory markers in control and
experimental animals

The skin-wound-healing nuclear NF-xf3 p65 levels were higher in
diabetic control rats when compared to normal control rats. Moreover,
diabetic control rats injected with 10% and 20% plumbagin showed
lower NF-xB p65 levels when compared to diabetic control rats
(Fig. 10A). On the other hand, ELISA results of skin-wound-healing
TNF-a, IL-6, and IL-1f3 levels were higher in diabetic control rats when
compared to normal control rats. Meanwhile, skin-wound healing TNF-
a, IL-6, and IL-1f levels were decreased in the diabetic rats injected
with 10% and 20% plumbagin when compared to diabetic control rats
(Fig. 10B-D).
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3.8.2. Effect of plumbagin in immunohistochemical analysis of COX-2 and
iNOS in the control and experimental animals

Fig. 11A represents immunohistochemistry results of COX-2 in ex-
perimental rats. The COX-2 protein distribution was higher in diabetic
control rats when compared to normal control rats. In addition, diabetic
rats injected with 10% and 20% plumbagin showed lower COX-2 pro-
tein distribution when compared to diabetic control rats. On the other
hand, iNOS protein distribution was higher in diabetic control rats
compared to normal control rats. Meanwhile, diabetic rats injected with
10% and 20% plumbagin showed lower distribution when compared to
diabetic control rats (Fig. 11B).

3.9. Effect of plumbagin on protein expression of CD68 and CD163 in
various experimental groups

Fig. 12 display the impact of plumbagin on protein expression of
CD68 and CD163 in wound area of control and experimental animals.
Results obtained from the present study revealed that there was a sig-
nificant (p < 0.05) increase in the protein levels of CD68 and CD163 in
diabetic control rats when compared to normal control rats. Plumbagin
supplementation brought down the levels of CD68 and CD163 to near
normal values in group III and group IV rats when compared to their
respective untreated counter parts. 20% plumbagin treated diabetic rats
showed even lower levels of protein expression than 10% plumbagin
treated rats and group IV rats displayed near normalcy values when
compared to that of normal control animals.

4. Discussion

This present study was performed to investigate whether plumbagin
supplement improved wound healing process in diabetic rats. The re-
sults obtained from this study revealed that the wound healing process
is hindered in diabetic rats. Interestingly, plumbagin supplement sig-
nificantly increased the wound healing rate and the time taken for
healing of wounds was also reduced. These results reveal that plum-
bagin supplement accelerated the process of wound healing in diabetic
rats.

Wound healing is characterized by three stages which are in-
flammation, proliferation, and remodeling. The proliferative phase

DC+10PL

DC+20PL

Fig. 8. (A) Representative immunofluorescence staining (green) of epidermal growth factor (EGF) (B) vascular endothelial growth factor expression (VEGF; red
colour) in normal control (NC), diabetic control (DC), 10 and 20% plumbagin (DC + 10PL & DC + 20PL) gel applied diabetic rats. Scale bar = 50 um. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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typically demonstrates angiogenesis, collagen deposition, granulation
tissue formation, epithelialization and wound contraction [103].
Wound contraction is the major evaluating factor in the healing process
of large open wounds [51]. In this study, a significant difference was
noted in both the healthy and diabetic animals. The wound contraction
rate was even faster in diabetic animals which are treated with plum-
bagin when compared with untreated diabetic rats and normal control
animals. In angiogenesis, new blood vessels grow from endothelial
cells. In fibroplasia and granulation tissue formation, fibroblasts grow
and form a new provisional extracellular matrix by excreting collagen
and fibronectin. The increased rate of wound contraction reported in
this study might be due to enhanced activity of fibroblasts which is
mediated by specialized myofibroblasts located in the granulated

Life Sciences 231 (2019) 116422

DC+10PL —— | DC+20PL

B

Fig. 9. (A) Representative immunofluorescence staining (green) of fibroblast growth factors (FGF) (B) matrix metalloproteinase-2 (MMP-2) (red) in normal control
(NCQ), diabetic control (DC), 10 and 20% plumbagin (DC + 10PL & DC + 20PL) gel applied diabetic rats. Scale bar = 50 um. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

tissues [52]. In epithelialization, epithelial cells crawl across the wound
bed to cover it. Fibronectin, the major glycoprotein secreted by fibro-
blasts, has important functions of chemo-attraction for macrophages,
fibroblasts and endothelial cells, promoting re-epithelialization and
acting as a transduction agent in wound contraction [104].Wound
contraction occurs by myofibroblasts, which establish a grip on the
wound edges, bringing them in apposition. Thus, the rate at which the
contraction of the wound occurs determines the period of epitheliali-
zation which facilitates the wound closure [53]. This supports the
findings of the current study wherein a correlation is derived at these
two junctures. The results reveal that the plumbagin treated diabetic
rats have increased rate of wound closure and decreased period of
epithelialization, while it was the reverse in the diabetic control rats.
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Fig. 10. Effects of plumbagin treatments on inflammatory markers in normal control (NC), diabetic control (DC), 10 and 20% plumbagin (DC + 10PL & DC + 20PL)
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SEM) were obtained from each group of 6 animals. “p < 0.05 compared to NC. "p < 0.05 compared to DC.
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Fig. 11. (A) Representative immunohistochemistry staining of cyclooxygenase (COX)-2 (B) Nitric oxide synthase (iNOS) in normal control (NC), diabetic control
(DC), 10 and 20% plumbagin (DC + 10PL & DC + 20PL) gel applied diabetic rats. Scale bar = 50 pm.
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Fig. 12. Representative western blotting for (A) CD68 (B) CD163 in wound area of normal control (NC), diabetic control (DC), 10 and 20% plumbagin (DC + 10PL &

DC + 20PL) gel applied diabetic rats. Values (mean +

The wound healing activity of plumbagin reported by Devender Rao
Kodati et al. [54] might have resulted in the contraction and closure of
wounds in diabetic animals.

Collagen is the most abundant protein present in the blood vessels,
skin and connective tissues [57]. During normal wound healing process,
cross-linking of collagen molecules creates strength and stability [58].
The process of wound healing requires either direct or indirect in-
volvement of collagen. Therefore, patients with diabetes are reported to
have defects in tissue repair which might to be due to alterations in
collagen metabolism [59]. The total protein content of the diabetic
control animals was decreased significantly when compared to normal
control animals. The plumbagin treated diabetic rats showed significant
improvement in protein content and their values are near normalcy.
Increased protein content in the treatment groups indicated increased
synthesis and deposition of matrix proteins [60]. Increased protein
content also supported increased collagen content in the treatment
groups. Antidiabetic, antihyperglycemic [61] and wound healing
property of plumbagin [54] might have decreased blood glucose levels
and increased wound healing rate in the treatment groups.

11

SEM) were obtained from each group of 6 animals. “p < 0.05 compared to NC. p < 0.05 compared to DC.

Wound healing process is impaired in diabetes due to high levels of
glucose in the blood which hinders proliferation of cells and decreases
the production of collagen resulting in decline in phagocytosis and
chemotaxis. Higher blood glucose levels also result in significant re-
duction in levels of growth factors and inhibits the proliferation of fi-
broblast all of which are suggestive contributors responsible for im-
paired wound healing [55]. Insulin is the regulator of blood glucose
levels and it plays a potent beneficial role in wound healing process
[56]. The evidences are in correlation with our present findings which
also reveals that animals with diabetes have high blood glucose levels,
decreased insulin secretion and decreased collagen content which
might have attributed to impaired wound healing in that group.

Diabetes is mainly associated with the presence of high levels of
lipids in the blood which is due to increased lipid mobilization to adi-
pose tissue and decreased level of lipoprotein lipase in blood. Results
from this present study also display a significant increase in the levels of
total cholesterol, triglycerides and LDL together with significant decline
in HDL level in diabetic control animals. After plumbagin administra-
tion, the level of HDL was significantly elevated, while the levels of
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cholesterol, triglycerides and LDL was lowered in group III and group IV
animals. Our findings are supported by earlier evidences that plum-
bagin supplement in hyperlipidemic rabbits, significantly reduced the
levels of total cholesterol, LDL cholesterol, ratio of cholesterol/phos-
pholipid and decreased HDL cholesterol in serum. Reports also revealed
that plumbagin supplement significantly reduced cholesterol and tri-
glycerides accumulation in the aorta and the liver. It was also found to
prevent the atheromatous plaques of abdominal and thoracic aorta
[62].

Nuclear transcription factor 2 (Nrf2), is a novel target for the action
of keratinocyte factor It regulates the expression of genes and the in-
flammation involved in wound healing [63]. Nrf2 deficient diabetic
mouse model show delayed wound closure rates [64]. Hence, Nrf2
activation plays a major role in healing diabetic wounds and improves
overall health of the mouse. Recent literature evidences has demon-
strated that diabetes associated with high blood glucose levels is closely
associated with dysfunction of Keap 1 which in turn prevents Nrf2 lo-
calization [65]. Thus, studies have reported that over-expression of
Keapl and suppression of Nrf2 disturbs redox homeostasis and results
in impaired wound healing in diabetes [66]. Thus, the results from this
present study also reveals the over-expression of Keap 1 mRNA and
downregulated Nrf2 mRNA expression which might have resulted in
impaired wound healing in diabetic animals, while diabetic animals
treated with plumbagin showed protective effect by upregulating
mRNA levels of Nrf2 and downregulating mRNA levels of Keap 1,
eventually resulting in accelerated wound healing.

Diabetic rats have impaired wound healing which is mainly due to
dysfunction of fibroblast and epidermal cells, hypoxia, neovascular-
ization, impaired angiogenesis and augmented levels of metallopro-
teases [7]. Besides all these factors, there is an increased reactive
oxygen species production (ROS), lipid peroxidation (LPO), modulation
of fibroblast proliferation and defective antioxidant defensive me-
chanism which triggers impaired wound healing. Increased ROS accu-
mulation results in excessive oxidation of lipids, proteins and nucleic
acids which ultimately results in damage to cellular membranes
[68,69]. The findings are in correlation with the findings of this re-
search work which also showed that the diabetic control rats have in-
creased lipid peroxidation rate when compared to control animals.
Plumbagin treated diabetic rats also displayed significant reduction in
lipid peroxidation rate when compared to diabetic control animals.
Imbalance in antioxidant defensive enzymes and increased lipid per-
oxidation rate resulted in further increase in the production of free
radicals [70].

Various studies also reported significant increase in free radical
formation and decreased potential of antioxidants in diabetes mellitus
which ultimately results in worsened condition of wounds. Increased
antioxidant defense was shown to increase accelerated wound healing
and decrease the ROS production [69]. The results of the current study
also portrayed significant decline in antioxidant enzymes such as SOD,
CAT, GPx, GR and GST in diabetic rats, while the plumbagin supple-
mentation improved antioxidant enzymes levels to a significant extent
which resulted in an accelerated wound healing. Lower antioxidant
levels in diabetic rat results from increased oxidative stress in a glucose
enriched environment [71]. High blood glucose levels might have re-
sulted in increased production of free radicals and decreased levels of
antioxidants [72,73]. The beneficial effect of plumbagin in diabetic rats
is due to its multi-potent property such as free radical scavenger, an-
tioxidant and inhibition of lipid peroxides [74]. The results were further
confirmed by histopathological findings. The histopathological study
from the diabetic group displayed significant changes such as promi-
nent fibrosis, cellular infiltration and regeneration of epithelium. This
prominently showed impaired wound healing in rats induced with
diabetes. Plumbagin treatment showed well-organized collagen fibers,
reduce cellular infiltration and improve contraction of wounds in the
treatment groups. These findings are in correlation with the reports of
Katsuhiro et al. (2018) [75] who also revealed similar histological
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findings in diabetic rats.

Growth factors are proteins which play a major role in healing
process by stimulating and activating cell proliferation via activation of
various reactions such as myelogenesis, angiogenesis and other gene
transcription factors [76,77]. Among various growth factors, the
growth factors such as epidermal growth factor (EGF), fibroblast
growth factor (FGF), transforming growth factor (TGF-f) and vascular
endothelial growth factor (VEGF) plays a major role in healing process
[78,79]. Presence of numerous growth factors and cytokines has been
reported at wound site. Alteration of one growth factor expression
eventually can affect the expression or production of other cytokines
and growth factors. During the early phase of healing process, various
proinflammatory cytokines and growth factors are released into the
serum which in turn act as stimulator for expression of other growth
factors. At the wound site, FGF7 is produced by fibroblasts and VEGF is
produced by macrophages and keratinocytes [80]. EGFR signaling re-
sults in increased rate of epithelialization of wounds and promotes
keratinocyte migration to the wound [81]. FGFs stimulate the pro-
liferation and migration of various cells involved in wound healing. It
was also shown to stimulate collagen synthesis, epithelialization and
neovascularization [82]. VEGF plays a key role in wound healing by
stimulating endothelial cell migration and it also improves angiogenesis
by increasing endothelial cell permeability [83,84]. The evidences re-
ported are in unison with the results of this present study. Numerous
plants are reported to have wound healing property and therefore, they
have gained considerable attention for therapeutic use in accelerating
the wound healing process by promoting the release of growth factors
[85]. In this present study, plumbagin has also proven its efficacy in
promoting the wound healing process. However, the mechanism by
which plumbagin has promoted the release of growth factors for pro-
moting the wound healing process remains unknown.

The MMPs are a family of structurally related class of zinc en-
dopeptidases which degrades the components of extracellular matrix
(ECM) [86]. The MMP family members have been classified into three
types such as gelatinases, stromelysis, collagenases and membrane type
MMPs depending on their substrate specificity and structural proper-
ties. However, like TGFf3, MMPs influence normal physiological pro-
cesses such as wound healing, tissue remodeling, angiogenesis and
embryonic development, as well as pathological conditions such as
rheumatoid arthritis, atherosclerosis and tumor invasion [105,106].
They also play a major role in influencing the activities of growth
factors. Under normal conditions, these MMPs can interact with growth
factors and results in the maintenance of the balance of ECM [87]. The
imbalance of matrix proteins in the ECM results in degradation of the
matrix and increases the risk of disease development [88,89]. Interac-
tion results in downregulation of growth factors and increases the levels
of MMP-1, MMP-2, MMP-8, MMP-9 and proinflammatory cytokines
such as Interleukin-1 (IL-1) and Tumor Necrosis Factor alpha (TNF-a).
The impact is higher in chronic wounds than normal wounds [90].
Hyperglycemia results in increased activities of MMP-2, MMP-1 and
MMP-9 which stimulates the ECM degradation and creates imbalance in
diabetes [91]. The expression of MMPs under normal conditions in skin
is low and it is upregulated in inflammatory cells such as macrophages,
T cells and eosinophils [92]. The literature correlates with the findings
of this present study wherein MMP-2 has played a major role in pro-
moting wound repair.

Inflammation is a normal process in wound healing which results in
the release of cytokines such as cyclooxygenase-2 (COX-2).
Hyperglycemia caused by diabetes increases oxidative stress and it also
results in secretion of COX-2 [92]. Increased COX-2 expression de-
creases the synthesis of collagen and delay the process of wound
healing. Diabetes also results in significant increase in levels of TNF-a,
IL-6, iNOS and COX-2 [93]. Transforming Growth Factor-beta (TGF-f),
plays a major role in healing process by influencing the inflammatory
response, re-epithelialization, extracellular matrix deposition and pro-
motes healing. TGF-B, plays a vital role in wound healing by acting at
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the specific site of the injury following tissue damage. In this present
study, the mRNA levels of TGF-f decreases in diabetes and the me-
chanism by which plumbagin enhances TGF-f level in the wounded
skin remains unknown and it still needs to be explored. Antioxidant and
anti-inflammatory properties of plumbagin [94] might have improved
the wound healing process through regulation of blood glucose, pre-
venting inflammatory response, decreasing oxidative stress and redu-
cing the expression levels of iNOS and COX-2. Alpha smooth muscle
actin (a-SMA) is a well-known marker and it plays a major role in
healing process of wounds [95]. Increased mRNA expression of a-SMA
in plumbagin treated groups might have resulted in promoting the
change of fibroblast to myofibroblast via upregulated expression of
TGF-B. We also found increased expression of COX-2, iNOS and de-
creased mRNA levels of TGF-B, collagen-1 and a-SMA in diabetes group
which is responsible for prolonged inflammatory response and delay in
wound healing. Significant decrease in mRNA levels of COX-2, iNOS
and increased mRNA levels of TGF-p, collagen and a-SMA were ob-
served in diabetic animals treated with plumbagin which proved its
beneficial effect on rate of wound closure.

CD68 is a glycoprotein and a marker which binds to low-density
lipoprotein and it is highly expressed on monocytes and macrophages,
especially in wounds. The expression of CD68 peaks initially and it is
decreased over time. CD163 is the hallmark of wound healing macro-
phages [96]. In gout model of monosodium urate crystal phagocytosis,
CD163 is expressed when monocytes or macrophages switch from
proinflammatory to anti-inflammatory cytokines [97]. CD163 has been
found to reduce/minimize oxidative injury in atherosclerotic plaques
[98]. Thus, CD163 plays a vital role in anti-inflammatory and wound
healing macrophages [99]. The western blot results also reveal a higher
protein expression of CD68 and CD163 in diabetes induced group and
its expression is reduced to a significant extent in diabetic animals
treated with plumbagin.

To conclude, plumbagin was found to be beneficial in healing dia-
betic wounds. The wounds treated with plumbagin showed significant
contraction rate when compared with that of untreated wounds.
Histopathological findings also revealed faster re-epithelialization,
collagen deposition and inflammation is also reduced in plumbagin
treated groups. In addition to this, plumbagin minimized the oxidative
stress and improved antioxidant status of diabetic animals. To large
extent, plumbagin has proved to be a potent anti-lipidemic, anti-in-
flammatory and anti-diabetic agent. However, further studies are ex-
pected to explore the mechanism of the anti-diabetic and wound
healing action of plumbagin and the active principle involved which
may contribute to the development of effective therapeutic strategies
for treatment of diabetic wounds.
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