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ABSTRACT

Background: Managing wounds in diabetic patients requires specialized approaches due
to their unique healing challenges. Diabetic wounds, particularly Diabetic Foot Ulcers (DFUs),
often exhibit delayed healing, increased infection risks and complications related to poor blood
circulation, nerve damage and reduced immune function. Therefore, treating diabetic wounds
represents a significant clinical and social concern, necessitating urgent research efforts to
develop effective treatments that enhance wound healing across all dimensions. Materials and
Methods: We investigated the bioactive compound koenimbine potency in promoting wound
healing in a hyperglycemic rat model. Healthy Wistar rats were induced to have diabetes and
then subjected to wound excision treatment. They were administered two different doses of
koenimbine for a duration of 14 days. Glycemic and insulin levels were monitored throughout
the treatment period with regular intervals. Wound diameter, percentage of wound closure,
epithelization day, total collagen and protein content were measured to assess the impact of
koenimbine administration of wound healing. Results: Free radical scavenging potency of the
koenimbine on the diabetic wounds were also measured. Inflammation stimulating cytokines
were quantified to evaluate the attenuating effect of koenimbine against hyperglycemia induced
inflammation. The transcription factor NF-kB, known for promoting pro-inflammatory cytokines,
along with the inflammatory mediators COX-2 and iNOS, as well as matrix metalloproteinases 2
and 9, which play a role in the degradation of extracellular matrix components, were measured to
evaluate the signaling mechanisms by which koenimbine influences wound healing in diabetic
rats. Koenimbine treatment effectively controlled glycemic levels and improved wound healing
in diabetes-induced rats. It increased the antioxidant levels and reduced the inflammatory
cytokines. Koenimbine administration inhibited the levels of NF-kB, COX-2, iNOS and MMP-2 and
MMP-9, confirming its wound healing potency in diabetic rats. Conclusion: The positive impact
of koenimbine was further demonstrated through our histopathological analysis of granulated
wound tissue. Collectively, our findings indicate that koenimbine acts as an effective bioactive
compound with the potential to enhance all three stages of diabetic wound healing.

Keywords: Diabetic wounds, Hyperglycemia, Impaired healing, Inflammation, Phyto drug,
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Diabetes, affecting an estimated 340 million individuals
worldwide, poses significant health challenges, particularly in the
form of diabetic wounds, which impact about 20% of patients.!
By 2030, diabetes is projected to be the seventh leading cause of
mortality, with high prevalence rates primarily in countries with
emerging economies, where over 80% of diabetes-associated
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deaths occur.” The disease disrupts glucose metabolism, leading
to hyperglycemia that hampers wound healing and results in
chronic issues such as foot ulcers.> Diabetic Foot Ulcers (DFU)
present serious risks, including a 15% to 25% lifetime chance of
occurrence and high rates of progression to severe infections or
amputations. DFUs result in one amputation every 30 sec globally
and have recurrence rates exceeding 50% within three years.
This issue is exacerbated by inadequate preventive measures,
with diabetic wounds contributing to substantial healthcare
costs-approximately 2.5% to 15% of annual health budgets.** Since
DFU treatment market projected to grow significantly, there is an
urgent need for improved diagnostics and therapies to enhance
patient outcomes and manage diabetic wounds effectively.
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Tissue regeneration is a complex physiological mechanism
aimed at restoring anatomic integrity and function following
skin injury, involving overlapping phases of hemostasis,
inflammation, proliferation and remodeling.® Initially, hemostasis
occurs to control blood loss and prevent infection, followed by
inflammation clear pathogens.” The proliferative phase involves
the new tissue generation, angiogenesis and extracellular
matrix to repair the wound, leading to eventual maturation and
remodeling, which strengthens the tissue but often results in a scar
reduced tensile strength.® This intricate healing process can be
frequently disrupted by external factors given the skin's exposure
to injury and such disruptions are significantly exacerbated in
diabetic patients, who experience impaired inflammation and
proliferation, ultimately hindering effective healing.” Diabetes
significantly hinders the tissue regeneration process by impairing
all four phases: hemostasis, inflammation, proliferation and
remodeling, leading to enduring unfavourable impacts on day
to day activities and increases mortality incidence.'®'! Diabetic
wounds are characterized by delayed healing, chronicity and a
prolonged inflammatory phase, with incomplete or uncoordinated
healing hindered by vascular damage that causes ischemia."
This impairment results from a complex interplay of factors,
including vascular, neuropathic, immune and biochemical
issues.” Hyperglycemia contributes to decreased vascular
flexibility, disrupted circulation and impaired microcirculation,
which diminishes oxygenation of tissue and impairs leukocyte
migration, increasing infection susceptibility.'"* Diabetic foot
ulcers present a complex pathology, largely driven by chronic
hyperglycemia and associated issues such as impaired barrier
function, elevated oxidative stress and inadequate inflammatory
responses.” In contrast to nondiabetic wounds, diabetic wounds
exhibit an extended pro-inflammatory state, where macrophages
fail to transition effectively from inflammatory stimulating to
inflammatory attenuating role, leading to excessive cytokine
production and hindering the transition to healing, ultimately
resulting in chronic wound formation.'*'¢

Phytochemicals, which are active phytoconstituents, play a
significant role in wound healing owing to their wide range
of pharmacological properties, such as anti-inflammatory,
effects.””  Phytochemicals,
such as alkaloids, flavonoids, polyphenols and tannins, can

antioxidant and antimicrobial
modulate the inflammatory response, promote angiogenesis
The

integration of phytochemicals in wound healing therapies offers

and enhance collagen synthesis in wound repair.'®"

a promising complementary approach, potentially improving
chronic wounds and also lead to novel therapeutic strategies in
wound management. In this study we examined koenimbine, a
carbazole alkaloid ameliorative effect on wound management in
hyperglycemic rodent model.
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MATERIALS AND METHODS

Chemicals

The major chemicals utilized in this work, such as streptozotocin,
koenimbine, etc., were acquired from Sigma Aldrich, USA. The
assay kits for the biochemical parameters were purchased from
Thermofisher Scientific and Elabscience, USA, respectively.

Study Animals

Healthy female Wistar rats, aged 8 weeks and weighing between
130 and 160 g, were maintained under laboratory conditions as
prescribed by the animal ethics committee. The animals were
housed in an environment with a relative humidity of 50-55%
and a 12 hr light and dark cycle to facilitate acclimatization.
During the experiment, the rats were given a rodent pellet diet
and had unlimited access to food and water. The study protocol
was acknowledged by Institutional Animal Ethics Committee
(IAEC) after the submission of detailed protocols to be followed
for the care of the rats. The procedures were conducted with care
and concern for the animals.

Hyperglycemia Induction

Hyperglycemia was triggered in female Wistar rats through a
single streptozotocin shot at a dosage of approximately 70 mg/kg
body weight, using a freshly prepared 0.1 M citrate buffer at pH
5. Three days after the injection, fasting blood glucose levels were
assessed by collecting blood samples from the rats' orbital plexus.
Wistar rats with elevated glucose levels exceeding 200 mg/dL
were selected for further investigations.” The fasting blood sugar
levels were quantified with OneTouch blood glucose meter.

Establishment of Excision Wound Model

Test animals were anesthetized with 3% isoflurane before the
initiation of the procedure. The dorsal skins of the anesthetized
animals were saved and the areas to excise were marked. The
animals were carefully placed on the operation table in lateral
position and using the sterile biopsy puncher a 10 mm circular
section of full-thickness skin were excised from the marked area.
The animals were returned to the home cage once recovered from
anesthesia and monitored for any signs of infection and any that
exhibited such signs were excluded from the study. The wound
areas were measured and documented on days 1, 7 and 14 for all
groups, with the measurements recorded on graph paper.

Experimental Grouping

Test animals were grouped into four each group consisting
of six rats. Group I are healthy rats which received only saline
treatment throughout the experiment period. Group II are
diabetic induced rats which were subjected to incision wound
model and maintained throughout the treatment period without
any treatment. Group III and IV are diabetic induced rats which
were subjected to incision wound model and the excision wounds

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 4, Oct-Dec, 2025



Xu, et al.: Anti Diabetic Activity of Koenimbine

were treated with topical application of 10 and 20% koenimbine
respectively daily throughout the treatment period for 2 weeks.
Koenimbine were prepared freshly with 0.1M DMSO before each
treatment.

Assessment of hyperglycemia

Fasting blood glucose levels in the control group,
untreated hyperglycemia-induced wound-excised rats and
koenimbine-treated rats were assessed using a glucose
determination colorimetric kit from Thermo Fisher Scientific.
Testing was conducted according to the kit's instructions and the
final, pink-colored product was measured at 560 nm. Glucose
concentrations in the samples were determined using a standard
curve generated with beta-D-glucose standards. Additionally,
serum insulin levels in the test subjects were measured using a
Rat Insulin ELISA kit obtained from Invitrogen. Test samples and
standards were added to ELISA plates pre-coated with insulin
antibodies, followed by the addition of secondary antibodies
and substrate to form an enzyme-antibody-target complex. The
resulting signal intensity, which is directly proportional to insulin
concentration, was measured at 450 nm within 30 min after

adding the stop solution.

Evaluation of wound closure

The wound closure rate in control and experimental rats were
measured using the transparent graph paper. On day 1 a graph
paper was placed the background of excised wound and the
wounds were photographed to measure the size of the wound
circumference in mm. The same procedure was performed on day
7 and day 14 of the treatment period. The results were recorded
and percentage of the wound closure was calculated using the
formula

% of wound closure= [(Initial Wound Area-Current Wound
Area)/Initial Wound Area]x100

The duration taken for the dead tissue remnants to detach
completely, leaving no residual raw wound or scar tissue, was
recorded to measure the period of epithelization.

Quantification of collagen

The total collagen content was estimated in the granulation
tissues collected. The fat layer was carefully excised using the
chloroform: methanol mixture, the mixture was prepared in 2:1
ratio. The tissue was then treated with acetone and subjected to
freezing. The tissue was weighed and then processed through
hydrolysis before being dried. The samples were then diluted with
distilled water and the final absorbances of the hydroxyproline
content in the samples were quantified at 557nm.

Quantification of protein

Skin tissue protein levels of the wound area were quantified
using the protocol of Lowry et al., (1951).* The granulated tissue
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was homogenized and subjected to treatment with a mixture
consisting of sodium tartrate, copper sulphate and sodium
carbonate. The sample was then treated with Folin-Ciocalteu
reagent and incubated for 10 min at dark. The blue coloration
formed was measured at 650 nm.

Analysis of antioxidant status
Assessment of lipid peroxidation

The granulated tissue samples of control and experimental
rats were homogenized with 10% tricholoroacetic acid and the
homogenate was centrifuged at 2500 rpm for 20 min at 4°C. The
supernatant was collected for further quantification of MDA
content. The assay was performed according to the protocol of
Ohkawa et al., 1979.% The samples were treated with thiobarbituric
acid and subjected to heating, the MDA-TBA adducts formed
were quantified at 532 nm.

Antioxidants quantification

SOD and CAT activities were quantified using the protocols
of Nishikimi et al., 1972 and Aebi, 1984.%** Xanthine oxidase
methods was used, and the superoxide radical generation
inhibition was measured with nitroblue tetrazolium reduction
to quantify the SOD levels in the test samples. CAT activity is
quantified by monitoring the decrease in hydrogen peroxide
concentration at 240 nm. Paglia and Valentine, 1967;> Habig et
al., 1974% protocols were used for calculating the levels of GPx
and GST activity in the test samples.

Analysis of inflammatory response

The inflammatory stimulating cytokines TNF-a, IL-13 and IL-6
were quantified using the ELISA kit procured from Elabscience.
The test samples were applied to the appropriate precoated ELISA
plates and the procedure was carried out according to the kit
instructions. The enzyme-substrate reaction is stopped by adding
a stop solution, resulting in a yellow color change and measured
OD at 450 nm.

Assessment of Wound Management Mechanisms

The tissue regeneration mechanism of koenimbine was evaluated
by quantifying the significant molecules involved in wound
healing. Nf-Kb, COX-2, iNOS and matrix metalloproteinases 2
and 9 were quantified in control and experimental animals using
commercially available ELISA kits procured from MyBiosource.
The test was performed as per the instructions provided in kit.
Final absorbance was measured at 450 nm upon the terminating
the reaction with stop solution.

Histopathological assessment

Granulated tissue sections collected from the control and
experimental rats were incubated in formalin and subsequently
processed into paraffin blocks, from which 5 uM sections of skin
were cut. Hematoxylin and Eosin (H&E) staining was done to
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evaluate the cellular structure, fiber propagation and stained
blood vessels. The resulting photomicrographs were examined at
40x magnification and images were captured at both wound edge
and midpoint for comprehensive analysis.

Statistical Analysis

The data are presented as meantStandard Error of the Mean
(SEM). Statistical analysis was performed using SPSS software.
One-way Analysis of Variance (ANOVA) was conducted to
determine the statistical differences between the treated and
control groups, followed by Tukey’s post hoc test for multiple
comparisons. A p-value of less than 0.05 was considered
statistically significant.

RESULTS

Carbazole alkaloid koenimbine promotes insulin
synthesis in diabetic triggered excision wound
rodent model

Figure 1A shows the Pre-prandial blood glucose levels of the
experimental rats measured at various time points throughout
the treatment period. The Pre-prandial blood glucose levels
were elevated throughout the treatment period in the diabetic
induced wound excised untreated rats whereas the rats treated

with koenimbine exhibited increased levels of blood glucose at
the beginning phase of treatment and subsequently reduced at
the end.

The serum insulin levels of experimental rats were quantified,
and the results were illustrated in the Figure 1B. Koenimbine
treatment increased the serum insulin levels to 9.4+0.0002 U/mL,
9.8+0.0002 with 10 and 20% respectively. The diabetic control rats
exhibited reduced level of insulin 8.7£0.0001 U/mL compared to
normal control (18+0.0002 U/mL) and koenimbine treated rats.

Carbazole alkaloid koenimbine enhances tissue
regeneration in hyperglycemia triggered excision
wound rodents

Koenimbine treatment significantly enhanced the wound healing
in the diabetic triggered rats. The diameter of wound was reduced
in all the experimental rats compared to the diabetic control
untreated the normal control saline treated rats significantly
decreased wound diameter on both day 7 and 14. On day 7 the
diabetic control rats exhibited increased wound diameter and
it subsequently reduced on day 14 whereas the normal control
exhibited considerably reduced wound diameter on day 14 (Figure
2). Koenimbine treated rats shown comparatively reduced wound
diameter than the normal control and diabetic control untreated
rats.
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Figure 1: Carbazole alkaloid koenimbine promotes insulin synthesis in diabetic triggered excision wound
rodent model. A) Fasting blood glucose levels quantified at 0, 3, 7 and 14t day of the treatment period. B)
Serum insulin levels quantified in the normal control, diabetic control untreated, diabetic triggered 10 and
20% koenimbine treated rats. Results were presented as meanzStandard Error of the Mean (SEM). A, *p-value
of less than 0.05 considered statistically significant.
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Figure 2: A diameter of wound measured at different time points of treatment period (0, 7" and 14t
day) in the normal control, diabetic control untreated, diabetic triggered 10 and 20% koenimbine
treated rats. Results were presented as meanzStandard Error of the Mean (SEM). A, *p-value of less than
0.05 considered statistically significant.

70-75% of wound closure was recorded in normal control and
hyperglycemic control untreated rodents whereas koenimbine
treatment increased the wound closure percentage to 80-85% in 14
days of treatment period (Figure 3A). The period of epithelization
was decreased with koenimbine treatment than diabetic control
untreated rats. The epithelization was comparatively lower in the
normal control rats than the koenimbine treated rats (Figure 3B).
Koenimbine treatment had increased both the total collagen and
protein in diabetic rats. 10% koenimbine treated rats exhibited
0.84 0.0002 mg/100 mg of dry tissue of total collagen and
5.2+0.001 mg/100 mg of dry tissue of total protein. The total
collagen and protein content were increased to 0.92+0.0003
and 5.2+0.001 mg/100 mg of dry tissue with 20% koenimbine
treatment. Diabetic triggered untreated rats shown decreased
levels of total collagen (0.75+0.0002 mg/100 mg of dry tissue)
and protein (4.8+0.001 mg/100 mg of dry tissue) compared to the
control rats total collagen (0.97+0.0003 mg/100 mg of dry tissue)
and protein levels (6.2+0.001 mg/100 mg of dry tissue) (Figures
3Cand D).

Carbazole alkaloid koenimbine enhances
antioxidant status in diabetic triggered excision
wound rodent model

Figure 4A illustrates MDA content in the experimental rats.
Hyperglycemic control untreated rats shown significantly
enhanced levels of MDA content compared to the control and
koenimbine treated rats. Koenimbine treatment significantly
scavenged oxidative stress and MDA levels were decreased
in both 10 and 20% koenimbine treated rats compared to
the diabetic control untreated rats. Koenimbine treatment
significantly enhanced the levels of both SOD and CAT which
are the vital antioxidant enzymes that crucial role in tissue
regeneration by managing oxidative stress. It enhanced GST and
GPx levels, critical enzymes involved in the wound healing which
effectively repairs wound and promote tissue regeneration with
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their antioxidant and detoxifying properties. The antioxidants
levels were significantly reduced in the hyperglycemic control
untreated rats. The healthy control rats exhibited significantly
higher levels of antioxidants than the diabetic control untreated
and koenimbine treated (Figure 4B).

Carbazole alkaloid koenimbine attenuates
inflammatory response in diabetic triggered excision
wound rodent model

Cytokines are crucial in orchestrating the intricate interactions
involved in inflammation, immune responses and tissue repair,
making them vital for effective wound healing. In diabetic control
rats that were not treated, levels of pro-inflammatory cytokines,
including Tumor Necrosis Factor-alpha (TNF-a), Interleukin-1
beta (IL-1P) and Interleukin-6 (IL-6), were significantly higher
compared to the other experimental groups. In contrast,
treatment with koenimbine resulted in a marked decrease in
these pro-inflammatory cytokine levels among diabetic rats when
compared to the untreated diabetic control group, although the
cytokine levels were still elevated relative to those in the normal
control rats (Figure 5).

Carbazole alkaloid koenimbine promotes wound
healing signaling in diabetic triggered excision
wound rodent model

The wound excision in hyperglycemic induced rats left untreated
promotes the synthesis of transcription factor NF-kB which
enhances pro-inflammatory cytokines expression. The COX-2
and iNOS the inflammatory mediators involved in tissue
damage were also increased in the untreated rats. Koenimbine
treatment had significantly lowered the NF-xB, COX-2 and
iNOS in the hyperglycemic triggered rats. The levels of matrix
metalloproteinases MMP-2 and MMP-9, which play a role in
the breakdown of extracellular matrix components, were also
significantly reduced following treatment with koenimbine.
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Figure 3: Carbazole alkaloid koenimbine enhances wound healing in diabetic triggered excision wound rodent model.
A) Wound closure percentage B) Epithelization period C) Total collagen content D) Total protein content quantified in the
normal control, diabetic control untreated, diabetic triggered 10 and 20% koenimbine treated rats. Results were presented as
meanzStandard Error of the Mean (SEM). A, *p-value of less than 0.05 considered statistically significant.

Hyperglycemic control untreated rats shown significantly
enhanced MMP-2 and MMP-9 levels compared to the control
and koenimbine treated rats (Figure 6).

Carbazole alkaloid koenimbine effectively
ameliorated excision wound in diabetic triggered
rats

Figure 7 depicts the H&E stained representative images of
granulated tissue section of control and experimental rats. Diabetic
control untreated group exhibited thin layer of epithelium with
increased infiltration of neutrophils (7B). Decreased fibroblasts
and blood vessels were observed in the hyperglycemic control
untreated group than the other experimental rats. Koenimbine
treatment increased the fibroblast and collagen fibers, it also
thickened epithelium of wound tissue. Compared to 10%
koenimbine treated group (7C), 20% koenimbine treated rats
shown significantly elevated levels of epithelium and fibroblast
(7D). The infiltrations of neutrophils were decreased and
epithelium layer was increased in control group than the diabetic
triggered untreated group rats (7A).

DISCUSSION

Herbal therapy, the use of plant-derived substances for therapeutic
purposes, has garnered increasing global attention as a viable
alternative or complement to conventional medicine. Many
cultures have relied on herbal remedies for centuries and recent
scientific research has validated the efficacy of various herbal
therapies in managing various health conditions. Approximately
80% of the world population depends on traditional medicine,
as evidenced by the $19.4 billion revenue generated from herbal
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remedies in 2010.” Requirement for ethanomedicine is rising,
with India’s and China’s market growing annually by 20%.2%*

Murraya koenigii (L.) Spreng, generally recognized as curry leaves
belongs to the Rutaceae family and is widely found in South
Asia.®® Rich in phytochemicals, particularly carbazole alkaloids,
M. koenigii has demonstrated pharmacological activities,
including anti-microbial, anti-cancer,*>** anti-inflammatory and
anti-oxidant effects.” Notably, koenimbine, a specific carbazole
alkaloid found in the plant, has been studied for its diverse
therapeutic potential.** The aim of this study was to assess the
effectiveness of the bioactive compound koenimbine in treating
diabetic-related wounds.

Tissue regeneration involves four overlapping stages:
hemostasis, inflammation, proliferation and remodeling. In
hemostasis, a platelet plug quickly forms to stop bleeding.
During inflammation, immune cells clear debris and prevent
infection. In the proliferation phase, fibroblasts and endothelial
cells aid in tissue repair, collagen formation and angiogenesis.
Lastly, the remodeling phase strengthens and reorganizes the
tissue enhancing wound integrity.*>* In diabetic condition all
the three phases of wound healing are reported to be impaired.
Hyperglcemia prolongs the inflammatory phase, hinders
angiogenesis, impairs the endothelial progenitor cells function
and causes dysregulation of extracellular matrix.””*® Therefore,
managing hyperglycemia is crucial for treating wounds in
diabetic patients. In this context, we investigated the efficacy
of koenimbine in regulating hyperglycemia in diabetic rodent
model. Treatment with koenimbine significantly enhanced
insulin synthesis in diabetic rats and lowered their glycemic

levels.
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Figure 4: Carbazole alkaloid koenimbine enhances antioxidant status in diabetic triggered excision wound rodent model.
A) Lipid Peroxidation-MDA content B) Antioxidants-SOD, CAT, GPx and GST levels in the normal control, diabetic control
untreated, diabetic triggered 10 and 20% koenimbine treated rats. Results were presented as mean+Standard Error of the
Mean (SEM). A, *p-value of less than 0.05 considered statistically significant. Units: nmol/mg protein.

Reactive Oxygen Species (ROS) play a vital role in regulating
multiple phases of wound healing. While low levels of ROS
are necessary for combating external damage, an overload of
oxidative stress in tissues, coupled with a reduced antioxidant
response, contributes to a redox imbalance, significantly affecting
the healing of diabetic wounds.*” Clinical studies have shown
that chronic diabetic wounds are often characterized by a highly
oxidizing environment, which correlates with conditions such as
hyperglycemia and tissue hypoxia.* Treatment with M. koenigii
extracts had reported to decrease oxidative stress in diabetic
pancreatic cells.! It also scavenged free radicals attenuated lipid
peroxidation in liver cells induced with ethanol toxicity*? and
cardiac cells induced cadmium induced oxidative stress.*’ In our
study, koenimbine, a primary carbazole alkaloid found in M.
koenigii, significantly increased antioxidant levels and mitigated
oxidative stress, thereby reducing lipid peroxidation in rats
induced with diabetes.

Diabetic wounds tend to remain in the inflammatory phase
much longer than non-diabetic wounds, leading to delayed
healing and often resulting in chronic wounds.* In normal
wound healing, pro-inflammatory M1 macrophages eventually
shift to the anti-inflammatory M2 phenotype, which promotes
extracellular matrix formation and new blood vessel growth.”
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However, in diabetic wounds, macrophages produce excessive
pro-inflammatory cytokines and the transition from M1 to
M2 macrophages is disrupted.*® Research shows that persistent
high blood glucose levels activate the NF-«B signaling pathway,
increasing the production of AGEs and promoting the release
of cytokines. This triggers a continuous inflammatory cycle
dominated by M1 macrophages, which release cytokines
that attract additional monocytes and encourage further M1
polarization. This imbalance between M1 and M2 macrophages
prolongs the inflammatory stage, preventing the wound
from progressing to the proliferative phase necessary for
healing.” Therefore preventing the M1 and M2 imbalance and
preventing the extent inflammatory phase in wound healing
the prime target for treating diabetes wounds. Our results had
confirmed koenimbine treatment had attenuated the synthesis
of inflammatory stimulating cytokines TNF alpha, IL-6 and
IL-1f in diabetic triggered rats. This may be due to inhibition
of NFkB, transcription factor which prevented the synthesis of
inflammatory cytokines.

iNOS and COX-2 contribute to wound healing by promoting
vascularization, inflammation and immune response, but their
regulation must be balanced to avoid excessive inflammation
and tissue damage, which can impede the tissue regeneration.**
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Figure 5: Carbazole alkaloid koenimbine attenuates inflammatory response in diabetic triggered excision wound
rodent model. Pro-inflammatory cytokines-Tumor Necrosis Factor-alpha (TNF-a), Interleukin-1 beta (IL-1f) and
Interleukin-6 (IL-6) levels in the normal control, diabetic control untreated, diabetic triggered 10 and 20% koenimbine
treated rats. Results were presented as meanzStandard Error of the Mean (SEM). A, *p-value of less than 0.05
considered statistically significant.
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Figure 6: Carbazole alkaloid koenimbine promotes wound healing signaling in diabetic triggered excision wound rodent
model. NF-kB, COX-2, iNOS, MMP2 and MMP9 levels in the normal control, diabetic control untreated, diabetic triggered 10 and
20% koenimbine treated rats. Results were presented as meanzStandard Error of the Mean (SEM). A, *p-value of less than 0.05
considered statistically significant.

Figure 7: Carbazole alkaloid koenimbine effectively ameliorated excision wound in diabetic triggered rats. Representative images of H&E stained
granulated tissue sections. A) Normal control, B) Diabetic control untreated, C) Diabetic triggered 10% koenimbine treated rats, D) Diabetic triggered
20% koenimbine treated rats. 40X magnification.
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Previous research had reported administration of celecoxib
enhanced the healing of pressure ulcers by lowering the expression
of iNOS and COX-2. This reduction had helped to decrease
wound inflammation and supports dermal reconstruction
and scar formation.® Koenimbine treatment also attenuated
the synthesis of iNOS and COX-2 which confirms its potency
of ameliorating diabetic wounds. Our examination of wound
throughout the treatment and the histopathological examination
of granulated tissue further confirms koenimbine had effectively
alleviated the diabetic wound via scavenging the free radicals and
preventing prolonged inflammatory phase.

Matrix Metalloproteinases (MMPs), particularly MMP-1 and
MMP-9, are essential for keratinocyte migration, which is a key
step in wound re-epithelialization.”® MMP-1 aids this process by
interacting with a2p1 integrin on type I collagen, while MMP-9 is
responsible for type IV and type VII collagen break down, which
form part of the basement membrane. This collagen degradation
facilitates keratinocyte movement and helps restore the wound
surface.”> In healthy tissue, MMP-9 levels were reduced but
increases following injury; however, prolonged MMP-9 expression
in long-lasting wounds can impede repairing. Proper regulation
of MMP-9 is therefore crucial for effective re-epithelialization.”
In diabetic conditions, elevated glucose levels can disrupt MMP
expression by enhancing glycation and maintaining high levels of
inflammatory cytokines, which disrupts the extracellular matrix
components essential for tissue regeneration.”® Koenimbine
treatment in diabetes-triggered wounds inhibited the synthesis
of MMP-1 and MMP-9 while increasing collagen and protein
synthesis, thereby enhancing wound healing in diabetic rats. Our
examination confirms that koenimbine administration positively
affected all three phases of wound healing and effectively
alleviated diabetic wounds.

CONCLUSION

In conclusion, the findings from this study demonstrate that
koenimbine is a potent bioactive compound for enhancing wound
healing in diabetic-induced rat models. By effectively managing
glycemic levels and improving wound healing outcomes,
koenimbine showcases its potential to promote all three phases of
the healing process. The significant reductions in inflammatory
cytokines and key mediators associated with the inflammatory
response, such as NF-xB, COX-2, iNOS and MMPs, further
underscore its therapeutic efficacy. Additionally, the supportive
histopathological evidence reinforces the beneficial impact of
koenimbine on granulated wound tissue. Therefore, koenimbine
may serve as a promising candidate for the treatment of diabetic
wounds, warranting further research and development to
translate these findings into clinical practice.

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 4, Oct-Dec, 2025

ACKNOWLEDGEMENT

This work was supported by Department of Endocrinology, Nan
Jing Red Cross Hospital, Nanjing, 210000, China.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

ABBREVIATIONS

DFU: Diabetic foot ulcers; WHO: World Health Organization;
ROS: Reactive oxygen species; AGE: Advanced glycation end
products; MMPs: Matrix metalloproteinases.

ETHICAL APPROVAL

This work has approved by the institutional animal ethical
committee by Department of Endocrinology, Nan Jing Red cross
Hospital, Nanjing, 210000, China.

SUMMARY

Diabetic wounds are characterized by delayed healing, chronicity
and a prolonged inflammatory phase, with incomplete or
uncoordinated healing hindered by vascular damage that causes
ischemia. koenimbine, a specific carbazole alkaloid found in
the plant, has been studied for its diverse therapeutic potential.
koenimbine, a primary carbazole alkaloid found in M. koenigii,
significantly increased antioxidant levels and mitigated oxidative
stress, thereby reducing lipid peroxidation in rats induced with
diabetes
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