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Abstract

Background and Objective: Diabetes mellitus is a devastating condition and an important risk factor for the delayed healing process,
leading to chronic Diabetic Foot Ulcers (DFUs). L-glutamine showed its antidiabetic and wound healing potential against various
experimental models. To evaluate the potential of L-glutamine against the STZ-induced excision wound model, which mimics the clinical
characteristic of DFU. Materials and Methods: Wounds (2 X5 mm) were created on the dorsal surface of the paw of diabetic Sprague
Dawley rats and then they were treated with either vehicle or L-Glutamine (250, 500 and 1000 mg kg, p.o.) or insulin (10 IU mg kg™,
s.c.) for 21 days. A group of non-diabetic and normal wound control animals was maintained separately. Results: L-Glutamine (500 and
1000 mg kg~") treatment effectively (p<0.05) accelerates wound healing revealed by an increased rate of wound contraction and
decreased wound area compared to control group animals. Diabetes-induced elevated oxido-nitrosative stress (SOD, GSH, MDA and NO)
and proinflammatory release (TNF-a and IL-1B) were markedly (p<0.05) attenuated by L-Glutamine. Down-regulation production of
hydroxyproline and mRNA expressions of Nrf2 and Ang-1in wound tissues was effectively (p<0.05) increased by L-Glutamine. It also
significantly attenuated (p<0.05) diabetes-induced alteration in wound architecture. Conclusion: L-glutamine improve the wound healing
process via accelerated angiogenesis and inhibition of hyperglycemia, oxidative stress and release of inflammatory mediators in
experimental diabetic foot ulcer.
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INTRODUCTION

Healing is the indispensable part of human evolution
where destruction of the functionality of living tissue
continuity due to various physical and chemical agents results
in the formation of wounds'. The restoration of the structural
architecture of damaged tissue is a highly dynamic and
complex process. Thisinvolved physiological and biochemical
modification towards the repair and regeneration of tissue
structure known as wound healing*. During normal
conditions, wound healing occurs much faster, however,
certain conditions, including age, microbial infection, elevated
blood sugar levels, poor blood circulation, oedema, poor
nutrition, etc., interfere in the various phases of wound
healing, thus impairing tissue healing*>. Diabetes mellitus is a
devastating condition and an important risk factor for the
delayed healing process, leading to chronic Diabetic Foot
Ulcers (DFUs)%%. It has been estimated that almost 12% of
patients with diabetes are prone to develop DFUs, amongst
which approximately 84% of patients needed amputations of
the lower leg due to non-healing DFUS. DFU contributes to
amputation and is also associated with significant healthcare
resource utilization costs and worsened quality of life. A recent
economic burden study reported the cost for management of
DFU is approximately US$19607. Moreover, according to the
EpiCast report, the cases of DFU have been expected to reach
approximately 1.5 million by 2025°.

It has been well documented that Diabetes Mellitus (DM)
is one of the important devastating risk factors that interfere
in the wound healing process'!'". Hyperglycemia, impaired
carbohydrate metabolism, altered insulin production and
glycosuria have been suggested as vital DM-associated
long-term complications that interact and modify
microvasculature, thus further contributing to DFU''3,
Furthermore, elevated generation of reactive nitrogen species
and reactive oxygen species, including hydroxyl radical,
hydrogen peroxide and superoxide, activates inflammatory
response and induces oxidative stress that plays a significant
role in the pathogenesis of DFU'%'*'3, Researchers suggested
that DFU is mainly characterized by the aggravated response
of neutrophil granulocytes at the wound site, which stimulates
proinflammatory cytokines including TNF-a (Tumour Necrosis
Factor-a) and IL-1B (Interleukin-1 Beta)'>"7. These cytokines
cause the degradation of the tissue protein matrix and inhibit
the production of growth factors via the formation of MMP
(Matrix Metalloprotease), thereby regulating the normal
wound healing process. Therefore, most researchers have
targeted inhibition of inflammatory and oxidative pathways to
accelerate the angiogenesis process during wound healing in
DM patients'®',
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L-glutamine, a non-essential amino acid that is an
important precursor for glutamine synthesis, thus serves asan
important source of natural antioxidants?®*'. Researchers have
utilized its glutamine augmenting potential against various
diseases, including inflammation, diabetes, ulcer, cancer,
cardiotoxicity, hepatotoxicity and  nephrotoxicity?2224,
Sadar et a/?> documented the nephroprotective role of
L-glutamine via inhibition of elevated oxidative stress and
Transforming Growth Factor-B (TGF-B) during diabetic
nephropathy?. Clinical studies have documented its safety
after oral administration in normal and diseased volunteers?.
Furthermore, the protective potential of L-glutamine has
been well documented in patients with catabolic disorders,
patients with intestinal toxicity?’ and catabolic surgical
patients?’. Furthermore, several researchers have well-
documented wound healing potential of L-glutamine
against an experimental animal model of burn wound?®,
incision wound® and excision wound model*®. Treatment
of L-glutamine in burned patients and the postoperative
patient showed the increased potential of neutrophils to
destroy bacteria, further decreasing postoperative events
and number of days in the hospital*'32. However, its
potential against DFU has not been documented yet.
Hence, the present investigation aimed to evaluate the
potential of L-glutamine against the STZ-induced excision
wound model, which mimics the clinical characteristic of
DFU.

MATERIALS AND METHODS

Study area: The experiment was performed in Xi'an
Jiaotong University, China, from 4th November, 2020
and 5th April, 2021. All the experiments were carried out
between 08:00 and 17:00 hrs in a quiet laboratory
environment.

Animals: Adult Sprague Dawley rats (male, 180-220g,n=110)
were obtained from The Fourth People’s Hospital of Shaanxi.
Rats were housed at 24+1°C, with a relative humidity of
45-55% and a 12:12 hrs dark/light cycle. The animals had free
access to standard pellet chow and filtered water throughout
the experimental protocol. Experiments were conducted
during 09:00-17:00 hrs. The experimental protocol (approval
number 20210791) was approved by The Fourth People’s
Hospital of Shaanxi and performed following the guidelines of
the National Institute of Health Guide for Care and Use of
Laboratory Animals.

Chemicals: L-Glutamine and STZ (Sigma-Aldrich), Crystalline
beef liver catalase, 1,1,3,3-tetraethoxypropane, 5,5'-dithiobis
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Table 1: Primer sequences for Ang-1, Nrf2, TNF-a, IL-1B and B-actin

Primer sequence

Gene Forward primer Reverse primer Size (bp)
Ang-1 GCTGGCAGTACAATGACAGT GTATCTGGGCCATCTCCGAC 512
Nrf2 CCTCACCTCTGCTGCCAGT GGGAGGAATTCTCCGGTCTC 316
TNF-o AAGCCTGTAGCCCATGTTGT CAGATAGATGGGCTCATACC 295
IL-1B8 TGATGTTCCCATTCHACAGC GAGGTGCTGATGTACCAGTT 378
B-actin GTCACCCACACTGTGCCCATCT ACAGAGTACTTGCGCTCAGGAG 764

(2-nitrobenzoic acid) and reduced glutathione (SD Fine
Chemicals, Mumbai, India), Naphthalene-2,3-diamine
hydrochloride, sulphanilamide and phosphoric acid (Loba
Chemie Pvt. Ltd.), Insulin injection (Novo Nordisk, India),
One-step RT-PCRand Total RNA Extraction kit (MP Biomedicals
India Private Limited, India) were procured from respective
suppliers.

Induction and assessment of diabetes: Streptozotocin (STZ)
was dissolved in citrate buffer (0.1 M, pH 4.4) and administered
intraperitoneally at a 55 mg kg~ dose to induce diabetes in
rats®>. A separate group of age matched control rats was also
maintained, which received an equal volume of citrate buffer.
Rats with serum glucose levels of more than 250 mg dL~" were
selected as diabetic and used for the present study.

Excisionwound model: According toa previously established
method, an excision diabetic foot ulcer was created in
anaesthetized rats (ketamine (75 mg kg=', i.p.) and xylazine
(10 mg kg™, i.p.))'8. Then, the rectangular wound (2 X5 mm)
was created on the dorsal surface of the foot of each rat.
The excision-wound-created rats were assigned to various
treatment groups randomly, as mentioned in the experimental
design.

Experimental design: After wound creation, rats were divided
into the various groups (n = 8-10, each) viz,, normal non-
diabetic (ND, without wound, received double distilled water
(DW, 10 mg kg™, p.0.)), normal wound control (NWC, non-
diabetic animals with wounds received DW (10 mg kg~', p.0.),
Diabetic Wound Control (DWC) animals either received
(DW (10 mg kg™, p.o.) or treated with L-Glutamine (LG, 250,
500 and 1000 mg kg~', p.o.) orinsulin (10 IU mg kg™, s.c.) for
21 days. On different days, an observer blind to the treatment
used a digital camera (Fuji, S20 Pro, Japan) to capture the
photos to determine the wound area. The metabolic cages
(Techniplast, Italy) were used to determine food intake and
water intake. The recording of Motor Nerve Conduction
Velocity (MNCV) was measured according to a previously
reported method>*.

After 22 days, rats were anaesthetized under ethereal
anaesthesia. Blood was withdrawn by a retro-orbital puncture
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and serum was separated by centrifugation (4°C, 5200 g,
15 min) using Eppendorf Cryocentrifuge (model No. 5810,
Germany) to determine serum insulin by a rat ELISA (Enzyme-
Linked Immunosorbent Assay) kit (Mercodia AB, Uppsala,
Sweden). The cervical dislocation method was used to sacrifice
these animals. Then wound tissues were immediately isolated
and maintained at -80°C for further biochemical analysis. The
Superoxide Dismutase (SOD), reduced Glutathione (GSH), lipid
peroxidation (MDA), Nitric Oxide (NO) and hydroxyproline
content was determined in wound tissue as described
previously**. The quantitative real-time (qRT)-PCR of Ang-1,
Nrf2, TNF-a and IL-1B was used to determine mRNA levels in
skin tissue**. The primer sequence for Ang-1, Nrf2, TNF-a and
IL-1B is provided in Table 1. Another portion of the skin was
cut into 3-5 pm thickness sections and stained with
hematoxylin and eosin (H and E) for various histological
features.

Statistical analysis: Data are expressed as Mean=Standard
Error Mean (SEM). GraphPad Prism 5.0 software (GraphPad,
San Diego, CA) was used to achieve data analysis. Data of body
weight, serum glucose level, wound area and percent wound
closure was analyzed by two-way ANOVA followed by Tukey's
multiple range post hoc analysis, whereas biochemical and
molecular parameters were analyzed by one-way ANOVA
followed by Tukey's multiple range post hoc analysis,
Kruskal-Wallis test was used as a post hoc analysis to analyzed
non-parametric tests. A p<0.05 was measured to be
statistically significant.

RESULTS

Effect of L-Glutamine treatment on body weight, serum
glucose level, rate of wound contraction and CT50 of
diabetic rats: Induction of diabetes caused delayed wound
healing reflected by aggravated wound area in DWC rats.
However, normal wound control rats showed expedited
wound healing depicted by significant (p<0.05) decreased
wound area and increased wound contraction rate of wound



Int. J. Pharmacol, 18 (1): 153-163, 2022

Treatment NwC DwC 1(10) LG (1000)

Fig. 1: Effect of L-Glutamine treatment wound healing
Morphological representation of rat paws showing various phases of wound healing

Table 2: Effect of L-Glutamine treatment on food intake, water intake, urine output, serum insulin, CT50 and Motor nerve conduction velocity of diabetic rats

Food intake Water intake Urine output Serum insulin Motor nerve conduction

Treatment (gm) (mL) (mL) (mg L") CTs, (days) velocity (m/s)
Normal ND 18.25+0.53 63.831£2.04 16.17%£1.35 2.60£0.09 - 59.12+1.87

NWC 19.57+0.70 67.00£2.31 18.83+1.38 2.44+£0.09 23.68 55.54%2.11

DwWC 41.47+1.01* 124.20+1.83" 58.83+0.91* 0.99+0.09* -54.27 26.66+2.25"
1(10) 23.771+0.84%° 72.831+2.74%5 22.50+1.46%° 241£0.07*° 28.74 44.6710.48*°

LG (250) 37.73£0.73 120.00+1.65 56.17£1.20 1.17%£0.09 74.14 29.53%£2.70

LG (500) 30.831+0.95%° 97.171+2.26%° 45.00£0.93*° 1.75£0.07*% 40.32 42.5241.43%5

LG (1000) 26.221+0.83%° 82.331+2.65%° 29.5010.89%* 2.18+0.06*° 31.07 48.601+0.65*°

Data are expressed as mean=®SEM (n = 6) and analyzed by one-way ANOVA followed by Tukey's multiple range test for each parameter separately. ¥p<0.05 as compared
to normal non-diabetic, *p<0.05 as compared to normal wound control, *p<0.05 as compared to the diabetic wound control group and *p<0.05as compared to one
another.ND: Non-diabetic, NWC: Normal wound control group, DWC: Diabetic wound control group, | (10):Insulin (101U kg~!, s.c.) treated group, LG (250): L-Glutamine
(250 mg kg~!, p.0.) treated group, LG (500): L-Glutamine (500 mg kg™, p.o.) treated group, LG (1000): L-Glutamine (1000 mg kg™, p.o.) treated group and CT50: Time
at which 50% of the cutaneous wound was closed

closure compared to DWC rats. Administration of insulin and intake, urine output and serum insulin levels in DWC rats
L-Glutamine (500and 1000 mg kg™") also showed a noticeable ~ compared to non-diabetic rats. However, food intake, water
(p<0.05) decreased wound area and increased wound intake and urine output were elevated (p<0.05), whereas
contraction rate or wound closure as compared to DWCrats ~ serum insulin levels were decreased in DWC rats compared to
(Fig. 1 and 2a,b). non-diabetic rats. Chronic treatment with insulin strikingly
The body weight of DWC rats was gradually decreased repressed (p<0.05) increased food intake, water intake and
(p<0.05) over 30 days as compared to non-diabetic rats, urine output as well as it effectively (p<0.05) increased serum
whereas DWC rats exhibited a marked increase (p<0.05) in  insulin levels as compared to DWC rats. Conversely,
serum glucose levels as compared to non-diabetic rats.  administration of L-Glutamine (500 and 1000 mg kg~") also
Administration of insulin and L-Glutamine (500 and showed a decreased food intake, water intake and urine
1000 mg kg™') showed an effective inhibition (p<0.05) in output and increased serum insulin levels compared to DWC
STZ-induced alteration body weight and serum glucose levels rats. However, insulin treatment showed more effective
as compared to DWC rats (Fig. 2c-d). (p<0.05) attenuation in elevated food intake, water intake and
urine outputas compared to L-Glutamine treatment (Table 2).

Effect of L-Glutamine treatment on food intake, water
intake, urine output and serum insulin of diabetic rats:  EffectofL-Glutamine treatmentonmotornerve conduction
There was no significant difference in food intake, water  velocity of diabetic rats: When compared with non-diabetic
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Fig. 2(a-d): Effect of L-Glutamine treatment on wound area (a), percent wound closure (b), body weight (c) and serum glucose

level (d) in diabetic rats

Data are expressed as Mean£SEM (n = 6) and analyzed by two-way ANOVA followed by Tukey’s multiple range test for each parameter separately,
&<0.05 as compared to normal non-diabetic, #p<0.05 as compared to normal wound control, *p<0.05 as compared to the diabetic wound control group

and $p<0.05 as compared to one another

rats, MNCV was decreased significantly (p<0.05) in DWC rats.
Administration of insulin effectively (p<0.05) attenuated
diabetes-induced decreased MNCV as compared to DWCrats.
L-Glutamine (500 and 1000 mg kg~') treatment also showed
an effective increase (p<0.05) in MNCV as compared to DWC
rats. Inhibition of STZ induced decreased MNCV was more
prominent in L-Glutamine (1000 mg kg~') than insulin
treatment (Table 2).

Effect of L-Glutamine treatment on the oxido-nitrosative
stress in the wound of diabetic rats: Induction of wound
caused a significant increase (p<0.05) in oxido-nitrosative
stressin NWC control rats as compared to normal non-diabetic
rats and this oxido-nitrosative stress more prominently
aggravated (p<0.05) in DWC rats due to induction of diabetes
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as compared to NWC. DWC rats showed a noticeable (p<0.05)
decrease in SOD and GSH levels and increased MDA and NO
levels than NWC control rats. Insulin treatment showed
significant (p<0.05) attenuation in oxido-nitrosative stress
compared to DWCrats. Treatment with L-Glutamine (500 and
1000 mg kg™') showed (p<0.05) marked increase in SOD and
GSH whereas a decrease in MDA and NO levels as compared
to DWC rats (Table 3).

Effect of L-Glutamine treatment on hydroxyproline level
of diabetic rats: DWC rats exhibited a marked (p<0.05)
decrease in hydroxyproline level in wound tissue than
non-diabetic rats. Additionally, NWC rats also showed
significantly (p<0.05) decreased hydroxyproline levels than
non-diabetic rats. However, administration of insulin
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Fig. 3(a-g): Effect of L-Glutamine treatment on wound histology in diabetic rats
Photomicrographs of sections of wound skin from normal non-diabetic (A), normal wound control (B), diabetic (STZ) wound control (C), insulin
(101U kg™, s.c)) (D), L-Glutamine (500 mg kg-1, p.o.) (E) and L-Glutamine (1000 mg kg~", p.o.) (F). The quantitative analysis of the Effect of L-Glutamine
treatment on wound histology (G). Data are expressed as Mean=®SEM (n = 3) and analyzed by one-way ANOVA followed by the Kruskal-Wallis test for
each parameter separately. 4p<0.05 as compared to normal non-diabetic, #p<0.05 as compared to normal wound control, *p<0.05 as compared to the
diabetic wound control group and *p<0.05 as compared to one another. Hematoxylin and eosin-stained staining at 100 X. Epithelialization (yellow
arrow), New vessel formation (black arrow) and Polymorphonuclear neutrophil leukocytes infiltration (red arrow)

Table 3: Effect of L-Glutamine treatment on the oxide-nitrosative stress and hydroxyproline level in the wound of diabetic rats

SOD (Umg™ GSH (ug mg™! MDA (nM mg™" NO Hydroxyproline
Treatment of protein) of protein) of protein) (ug mL™") (ug mg~" tissue)
Normal ND 3.02%0.12 14.07£0.47 434£0.62 74.67%5.67 4.09£0.24
NWC 2.30+0.16% 10.33+0.76% 9.04+0.13% 131.60+4.61% 3.14%0.19%
DwWC 1.38+0.16" 5.69+0.47* 24.24+051% 260.90+1.66" 1.94%0.15%
1(10) 2.79+0.12%% 13.01+£0.61%* 10.78+0.48** 133.00£5.41%% 3.96+0.17%¢
LG (250) 1.68£0.16 4.96£0.52 21.67%+0.27 251.30%+3.80 2.08+0.08
LG (500) 2.22+0.13%% 9.76£0.60%* 15.87+£0.39*¢ 183.20£3.44%5 2.95+0.11%°
LG (1000) 2.2940.09*° 10.61£0.77*° 10.82+£0.54*5 155.70+4.39*° 3.481+0.21%°

Dataare expressed as mean£SEM (n=6) and analyzed by one-way ANOVA followed by Tukey’s multiple range test for each parameter separately. *p<0.05 as compared
to normal non-diabetic, #p<0.05 as compared to normal wound control, *p<0.05 as compared to the diabetic wound control group and *p<0.05 as compared to one
another.ND: Non-diabetic, NWC: Normal wound control group, DWC: Diabetic wound control group, | (10): Insulin (101U kg, s.c.) treated group, LG (250): L-Glutamine
(250 mg kg, p.0.) treated group, LG (500): L-Glutamine (500 mg kg—', p.o.) treated group, LG (1000): L-Glutamine (1000 mg kg~', p.o.) treated group, SOD: Superoxide
Dismutase, GSH: Reduced Glutathione, MDA: Malondialdehyde and NO: Nitric Oxide

effectively  (p<0.05) increased  hydroxyproline level
compared to DWC rats. L-Glutamine (500 and 1000 mg kg~")
treatment also notably (p<0.05) inhibited diabetes-induced
decreased hydroxyproline level in wound tissue of rats
(Table 3).

Effect of L-Glutamine treatment on Ang-1, Nrf2, TNF-ccand
IL-1B mRNA expressions in wound skin tissue of diabetic
rats: The mRNA expressions of Ang-1and Nrf2 were markedly
(p<0.05) down-regulated in NWC and more prominently
(p<0.05) down-regulated DWC rats as compared to non-
diabetic rats. Whereas TNF-a and IL-1B mRNA expressions
were significantly (p<0.05) up-regulated in NWC and DWC
rats than non-diabetic rats. Administration of insulin
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noticeably (p<0.05) up-regulated Ang-1 and Nrf2 mRNA
expressions whereas down-regulated TNF-a and IL-1B
mRNA expressions compared to DWC rats. L-Glutamine
(500 and 1000 mg kg~") treatment also showed a significant
(p<0.05) inhibition in diabetes-induced alteration in
Ang-1, Nrf2, TNF-a and IL-1B mRNA expressions in wound
tissue of rats when compared with DWC rats. L-Glutamine
(1000 mg kg™") treatment showed more effective up-
regulation in Ang-1 mRNA expression than insulin treatment
(Table 4).

Effect of L-Glutamine treatment on diabetes-induced
histopathological alterationsin skin tissue of diabetic rats:
In Fig. 3arepresented normal skin tissue architecture with the
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Table 4: Effect of L-Glutamine treatment on the Ang-1, Nrf2, TNF-a and IL-18 mRNA expression in wound of diabetic rats

Treatment Ang-1/B-actin Nrf2/B-actin TNF-a/B-actin IL-1B/B-actin
Normal ND 3.42+0.03 2.95+0.15 0.51%0.12 0.94+0.07
NWC 1.73+0.17% 1.54+0.08% 1.19+0.11% 1.31+0.16%
DWC 0.45%0.13% 0.88£0.15% 2.08£0.15% 2.03£0.08*
1(10) 2.35+0.10% 2.41£0.13%¢ 0.89+0.12%* 1.13+0.08**
LG (250) 0.59+0.09 1.09+0.08 2.10%£0.12 1.99+0.19
LG (500) 1.78£0.17%5 1.79£0.13*¢ 1.60£0.10%* 1.74£0.12%°
LG (1000) 2.5540.14%° 2.1940.13%% 1.11£0.17%° 1.32£0.14**

Data are expressed as mean=SEM (n =4) and analyzed by one-way ANOVA followed by Tukey’s multiple range test for each parameter separately. *p<0.05 as compared
to normal non-diabetic, p<0.05 as compared to normal wound control, *p<0.05 as compared to the diabetic wound control group and *p<0.05 as compared to
one another. ND: Non-diabetic, NWC: Normal wound control group, DWC: Diabetic wound control group, | (10): Insulin (10 IU kg~', s.c.) treated group, LG (250):
L-Glutamine (250 mg kg~', p.o.) treated group, LG (500): L-Glutamine (500 mg kg~", p.0.) treated group, LG (1000): L-Glutamine (1000 mg kg™, p.0.) treated group,
Ang-1: angiopoietin-1, Nrf2: nuclear factor erythroid 2-related factor 2, TNF-a: tumour necrosis factor-a and IL-1B: Interleukin-1 Beta

presence of well-organized dermis and epidermis, epithelial
layer and blood vessels with mild Polymorphonuclear
Neutrophil Leukocytes (PMNL) infiltration. Induction of
wound caused significant (p<0.05) increase infiltration of
PMNL cells into wound tissue reflected in the histology of
skin from NWC rats (Fig. 3b). Moreover, induction of
diabetes caused delayed wound healing reflected by a slow
progression in the formation of epithelial layer and new
blood vessels along with significant (p<0.05) presence of
PMNL (Fig. 3c). However, administration of insulin and
L-Glutamine (500 and 1000 mg kg~") inhibited diabetes-
induced delayed wound healing depicted by a significant
(p<0.05) decreased in PMNL infiltration and increased
formation of the epithelial layer and new blood vessels as
compared to DWC rats (Fig. 3d-g), respectively.

DISCUSSION

Wound healingisasimplelinear process thatinvolves the
interaction of various biological molecules and cells towards
the wound contraction and re-epithelialization®*. However,
certain predisposing conditions such as diabetes mellitus
interfere with the wound healing process, resulting in more
chronicand complex ulcer conditions that affect the prognosis
of the disease*. Literature lucid with evidence suggested that
L-glutamine contains wound healing, antibacterial, anti-
inflammatory and antidiabetic potential, which increased its
attention towards the treatment of DFU. In the present
investigation, we have determined the wound healing
potential of L-glutamine against experimental DFU. The
findings suggested that L-glutamine improves the wound
healing process in the diabetic condition through accelerated
angiogenesis (Ang-1) and amelioration of elevated blood
glucose levels, oxidative stress (Nrf2, SOD, GSH, MDA and NO)
and inflammatory release (TNF-a and IL-1B).
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In the present investigation, administration of
L-glutamine significantly ameliorated diabetes-induced
elevated blood glucose, decreased insulin and neuropathic
abnormalities, which may accelerate wound healing. Insulin
plays a vital role in the pathophysiology of delayed wound
healing'*3. Elevated production of free fatty acid cause insulin
resistance, which further inhibits glucose transport and leads
to hyperglycaemia'?¥. It has been well documented that
chronic hyperglycemia is responsible for various tissue
damage, resulting in diabetic complications, including
cardiomyopathy, neuropathy, retinopathy and foot ulcer®3°,
Thus, insulin  resistance is one of the important
pathophysiological failures of many pre-diabetic conditions
andresultsin metabolicfailure®. Furthermore, elevated serum
glucose levels are responsible for modifying microvascular
permeability and Motor Nerve Conduction Velocity (MNCV)*1,
A combination of these conditions leads to neuropathic
abnormalities in the feet of DM patients and this situation
increases therisk of chronicinfections, which resultin DFU'42,
Thus, elevated blood glucose levels and impaired MNCV have
a direct relation with DFU. The previous investigator also
suggested that L-glutamine inhibited diabetic complications
via inhibition of hyperglycemia?> and the findings of the
present study are in line with this researcher.

Treatment with L-glutamine inhibited STZ-induced
elevated oxido-nitrosative stress, contributing to accelerated
wound healing. Clinically, it has been proven that elevated
free radicals caused induction of oxidative stress, resulting in
progressive worsening of the wound healing process**#. Thus,
the down-regulation of the elevated response of ROS has
been shown a beneficial effect in diabetic patients and
associated complications, including DFUS%. Researchers
documented that STZ-induces an increase in ROS release,
which further depletes the intracellular levels of SOD, a
superoxide scavenger and augmentation of lipid peroxidation
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reflected by elevated levels of MDA%. Thus, an imbalance
between intracellular antioxidant enzymes (SOD and GSH)
and ROS production plays a vital role in worsening the
wound healing process¥#¢. Furthermore, elevated Nitric
Oxide (NO) quickly reacts with superoxide anions and
leads to peroxynitrite formation, further aggravating lipid
peroxidation*. Numerous pieces of evidence suggested that
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a redox-
sensitive transcription factor responsible for activating
antioxidant enzymes including SOD, catalase, GSH and
glutathione peroxidase'>*%>! Tissue injury causes activation of
Nrf2, which further synergizes with other transcription, thus
promoting wound healing®2. Previously, various researchers
documented the Nrf2-activation potential of various moieties
and their impact on accelerated wound healing'>2%3, The
present investigation results are following the findings of the
previous researchers, where L-glutamine exerts its beneficial
effect via an inhibition in the STZ-induced depleted levels of
SOD, GSH and Nrf22.

Diabetic wound associated with down-regulated
hydroxyprolineand Ang-1 production, whichisin line with the
previous evidence’.  Administration of L-glutamine
significantly augmented the hydroxyproline levels and Ang-1
mRNA expression suggesting its role in accelerated wound
healing. Hydroxyproline is an important hallmark for collagen
synthesis and degree of matrix formation, thus directly
correlated with the rate of wound contraction. Fibroblast
proliferation has a significant role in stimulating collagen
formation and wound strengthening'®%. However,
hyperglycemia significantly affects fibroblast proliferation and
hydroxyproline synthesis, which further alter angiogenesis'®.
Along with hyperglycemia, elevated oxidative stress has
been suggested as an important contributor to the
defective angiogenesis process during DFU>%. The
angiopoietin  (Ang-1) plays an essential role in the re-
epithelialization, angiogenesis and development of new blood
vessels known as neovascularization®®, Thus, Ang-1 has a
critical role in the growth and maintenance of vasculature
during wound healing®. Elevated expression of Ang-1 has
been suggested as a crucial pathway during accelerated
wound healing®. Previously also Goswami et a/*°, reported the
wound healing potential of L-glutamine via improved
production of hydroxyproline and present study findings
following findings of the previous investigators™®.

Clinically, L-glutamine has shown its potential against
catabolic disorders, intestinal toxicity?' and catabolic surgical
patients?’. Furthermore, its wound healing activity has been
well documented in various experimental animal models of
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wounds?3, Thus, L-glutamine can be considered a promising
therapeutic moiety to promote wound healing in diabetic
patients.

CONCLUSION

Metabolic abnormalities such as diabetes mellitus cause
delayed wound healing. In the present study, administration
of L-glutamine, an antioxidant moiety, demonstrates its
wound healing potential against diabetic foot ulcers in
experimental rats. L-glutamine accelerates the wound healing
process acting via multiple mechanisms, including inhibiting
elevated blood glucose levels, which suppresses the release of
reactive oxygen species, thus inhibiting elevated oxidative
stress. Furthermore, the Down-regulation of oxidative stress at
wound area by L-glutamine decreases the release of
inflammatory mediators, which further improves
angiogenesis, thus improving wound healing during the
diabetic condition.

SIGNIFICANCE STATEMENT

To the best of our knowledge, the findings of the present
study first time reported putative mechanism of action of
L-glutamine against diabetic foot ulcers in experimental rats.
The present findings will deliver valuable information to
researchers and physicians to find the alternative healthcare
product to manage diabetic foot ulcers. Thus, these new
findings on the possible role of L-glutamine may offer promise
to better wound healing outcomes during diabetic foot ulcers.

REFERENCES

Kandhare, AD., J. Alam, MVK. Patil, A. Sinha and
S.L. Bodhankar, 2016. Wound healing potential of naringin
ointment formulation via regulating the expression of
inflammatory, apoptotic and growth mediators in
experimental rats. Pharmaceut. Biol., 54: 419-432.

Ng, W.L, W.Y. Yeong and M.W. Naing, 2016. Polyelectrolyte
gelatin-chitosan hydrogel optimized for 3D bioprintingin skin
tissue engineering. Int. J. Bioprint, 2: 53-62.

Dias, J.R., C.D. Santos, J. Horta, P.L. Granja and P.J.D.S. Bartolo,
2017.Anew design of an electrospinning apparatus for tissue
engineering applications. Int. J. Bioprint, 3: 121-129.

Guo, S. and L.A. Dipietro, 2010. Factors affecting wound
healing. J. Dent. Res., 89: 219-229.

Huyan, Y., Q. Lian, T. Zhao, D. Li and J. He, 2020. Pilot study of
the biological properties and vascularization of 3D printed
bilayer skin grafts. Int. J. Bioprint, 6: 53-64.



10.

11.

12.

13.

14.

15.

16.

17.

Int J. Pharmacol, 18 (1): 153-163, 2022

Abdissa, D., T. Adugna, U. Gerema and D. Dereje, 2020.
Prevalence of diabetic foot ulcer and associated factors
among adult diabetic patients on follow-up clinic at Jimma
medical center, southwest Ethiopia, 2019: An institutional-
based cross-sectional study. J. Diabetes Res., Vol. 2020.
10.1155/2020/4106383.

Raghav, A, Z.A. Khan, RK. Labala, J. Ahmad, S. Noor and
B.K. Mishra, 2018. Financial burden of diabetic foot ulcers to
world: A progressive topic to discuss always. Ther. Adv.
Endocrinol. Metab., 9: 29-31.

Arsa, G, LCDJ. Lima, D. Motta-Santos, L.T. Cambri,
C.S.G. Campbell, J.E. Lewis and H.G. Simdes, 2015. Effects of
prior exercise on glycemic responses following carbohydrate
inges on in individuals with type 2 diabetes. J. Clin. Transl.
Res., 1: 22-30.

Jones, P., R. Bibb, M. Davies, K. Khunti, M. McCarthy, D. Webb
and F. Zaccardi, 2020. Prediction of diabetic foot ulceration:
The value of using microclimate sensor arrays. J. Diabetes Sci.
Technol., 14: 55-64.

Frykberg, R.G.and J.Banks, 2015. Challenges in the treatment
of chronic wounds. Adv. Wound Care, 4: 560-582.

Rafehi, H., A. EI-Osta and T.C. Karagiannis, 2011. Genetic and
epigenetic events in diabetic wound healing. Int. Wound J,,
8:12-21.

Kandhare, A, U. Phadke, A. Mane, P. Thakurdesai and
S.Bhaskaran, 2018. Add-on therapy of herbal formulation rich
in standardized fenugreek seed extract in type 2 diabetes
mellitus patients with insulin therapy: An efficacy and safety
study. Asian Pac. J. Trop. Biomed., 8: 446-455.

Walker, JM., P. Eckardt, J.O. Aleman, J.C. da Rosaand
Y. Liang et al, 2019. The effects of trans-resveratrol
on insulin resistance, inflammation and microbiota in
men with the metabolic syndrome: A pilot randomized,
placebo-controlled clinical trial. J. Clin. Transl. Res.,
4:122-135.

Aydin, F., A. Kaya, L. Karapinar, M. Kumbaraci and
A.lmerci et al, 2013.1GF-1 increases with hyperbaric oxygen
therapy and promotes wound healing in diabetic foot ulcers.
J. Diabetes Res., Vol. 2013. 10.1155/2013/567834.

Victor, P, D. Sarada and KM. Ramkumar, 2020.
Pharmacological activation of Nrf2 promotes wound healing.
Eur. J. Pharmacol., Vol. 886. 10.1016/j.ejphar.2020.173395.
Arfianti, E., C.Z. Larter, S. Lee, V. Barn and G. Haigh et al,
2016. Obesity and diabetes accelerate hepatocarcinogenesis
via hepatocyte proliferation independent of NF-«B or
Akt/mTORCT. J. Clin. Transl. Res., 2: 26-37.

Rengarajan, T., S. Keerthiga, S. Duraikannu and V. Periyannan,
2020. Exploring the anticancer and anti-inflammatory
activities of ferruginol in MCF-7 breast cancer cells. Cancer
Plus, Vol. 1. 10.18063/c+.v1i4.255.

161

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kandhare, A.D., P. Ghosh and S.L. Bodhankar, 2014. Naringin,
a flavanone glycoside, promotes angiogenesis and inhibits
endothelial apoptosis through modulation of inflammatory
and growth factor expression in diabetic foot ulcer in rats.
Chemico-Biol. Interact., 219: 101-112.

Viswanathan, V., R. Kesavan, K.V. Kavitha and S. Kumpatla,
2011. A pilot study on the effects of a polyherbal
formulation cream on diabetic foot ulcers. Indian J. Med. Res.,
134:168-173.

Cao, Y, R. Kennedy and V.S. Klimberg, 1999. Glutamine
protects against doxorubicin-induced cardiotoxicity. J. Surg.
Res., 85:178-182.

Daniele, B, F. Perrone, C. Gallo, S. Pignata and
S.De Martino et al, 2001. Oral glutamine in the prevention of
fluorouracil induced intestinal toxicity: A double blind,
placebo controlled, randomised trial. Gut, 48: 28-33.
Masuko, Y., 2002. Impact of stress response genes induced by
L-glutamine on warm ischemia and reperfusion injury in the
rat small intestine. Hokkaido Igaku Zasshi, 77: 169-183.
Todorova, V.K, Y.Kaufmann, S. Luo, S.A. Harms, K.B. Babb and
V.S. Klimberg, 2003. Glutamine supplementation reduces
glutathione levels and stimulates apoptosisin dmba-induced
mammary tumors. J. Surg. Res., Vol. 114. 10.1016/jss.
2003.08.019.

Todorova, V.K,, Y. Kaufmann, L. Hennings and V.S. Klimberg,
2010. Oral glutamine protects against acute doxorubicin-
induced cardiotoxicity of tumor-bearing rats. J. Nutr,,
140: 44-48.

Sadar, S.,D.Kaspate and N. Vyawahare, 2016. Protective effect
of L-glutamine against diabetes-induced nephropathy in
experimental animal: Role of KIM-1, NGAL, TGF-B1 and
collagen-1. Renal Fail., 38: 1483-1495.

Wernerman, J, 2008. Clinical use of glutamine
supplementation. J. Nutr., 138: 2040S-2044S.
Wilmore, D.W., 2001. The effect of glutamine

supplementation in patients following elective surgery and
accidental injury. J. Nutr., 131: 25435-2549S.

Jalilimanesh, M., H. Mozaffari-Khosravi and M. Azhdari, 2011.
The effect of oral I-glutamine on the healing of second-
degree burns in mice. Wounds, 23: 53-58.

Tekin, E., F. Taneri, E. Ersoy, M. Oguz and E. Eser et a/, 2000.
The effects of glutamine-enriched feeding on incisional
healing in rats. Eur. J. Plast. Surg., 23: 78-81.

Goswami, S., A. Kandhare, A.A. Zanwar, M.V. Hegde and
S.L. Bodhankar et a/, 2016. Oral L-glutamine administration
attenuated cutaneous wound healing in Wistar rats.
Int. Wound J., 13: 116-124.

Peng, X, H. Yan, Z. You, P. Wang and S. Wang, 2006.
Glutamine granule-supplemented enteral nutrition maintains
immunological function in severely burned patients. Burns,
32:589-593.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Int J. Pharmacol, 18 (1): 153-163, 2022

Watford, M., 2008. Glutamine metabolism and function in
relation to proline synthesis and the safety of glutamine and
proline supplementation. J. Nutr., 138: 20035-2007S.
Visnagri, A, A.D. Kandhare, V.S. Kumar, AR. Rajmane
and A. Mohammad et a/, 2012. Elucidation of ameliorative
effect of co-enzyme Q10 in  streptozotocin-induced
diabetic neuropathic perturbation by modulation of
electrophysiological, biochemical and behavioral markers.
Biomed. Aging Pathol., 2: 157-172.

Kandhare, AD., P. Ghosh, A.E. Ghule and S.L. Bodhankar,
2013. Elucidation of molecular mechanism involved in
neuroprotective effect of Coenzyme Q10 in alcohol-induced
neuropathic pain. Fundam. Clin. Pharmacol., 27: 603-622.
Chung, AS. and N. Ferrara, 2011. Developmental and
pathological angiogenesis. Ann. Rev. Cell Dev. Biol,
27:563-584.

Emmerson, E., L. Campbell, F.C.J. Davies, N.L. Ross and
GS. Ashcroft et al, 2012. Insulin-like growth factor-1
promotes wound healing in estrogen-deprived mice: New
insights into cutaneous IGF-1R/ERa cross talk. J. Invest.
Dermatol., 132: 2838-2848.

da Costa Pinto, F.A. and B.E. Malucelli, 2002. Inflammatory
infiltrate, VEGF and FGF-2 contents during corneal
angiogenesis in STZ-diabetic rats. Angiogenesis, 5: 67-74.
Shivakumar, V., A.D. Kandhare, A.R. Rajmane, M. Adil and
P. Ghosh et al, 2014. Estimation of the long-term
cardiovascular events using ukpds risk engine in metabolic
syndrome patients. Indian J. Pharmaceut. Sci., 76: 174-178.
Chow, L., KL.Yick, M.Y. Kwan, CF. Yuen, S.P. Ng, A.Yu
and J. Yip, 2020. Customized fabrication approach for
hypertrophic scar treatment: 3d printed fabric silicone
composite. Int. J. Bioprint, 6: 70-81.

Kandhare, A.D, S.L. Bodhankar, V. Mohan and
P.A. Thakurdesai, 2015. Effect of glycosides based
standardized fenugreek seed extract in bleomycin-induced
pulmonary fibrosis in rats: Decisive role of Bax, Nrf2,
NF-kB, Muc5ac, TNF-a and IL-1B. Chemico-Biol. Interact.,
237:151-165.

Kandhare, A.D., K.S.Raygude, V.S. Kumar, A.R. Rajmane and
A.Visnagri et al, 2012. Ameliorative effects quercetin against
impaired motor nerve function, inflammatory mediators and
apoptosis in neonatal streptozotocin-induced diabetic
neuropathy in rats. Biomed. Aging Pathol., 2: 173-186.

Liu, Y., R. Qin, S.A.J. Zaat, E. Breukink and M. Heger, 2015.
Antibacterial photodynamic therapy: Overview of a promising
approach to fight antibiotic-resistant bacterial infections.
J.Clin. Transl. Res., 1: 140-167.

Kandhare, A.D., A.A. Mukherjee and S.L. Bodhankar, 2017.
Neuroprotective effect of Azadlirachta indica standardized
extract in partial sciatic nerve injury in rats: Evidence from
anti-inflammatory, antioxidant and anti-apoptotic studies.
EXCLI J.,, 16: 546-565.

162

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Chow, L., K.L. Yick, Y. Sun, M.S.H. Leung and M.Y. Kwan et a/,
2021. A novel bespoke hypertrophic scar treatment:
Actualizing hybrid pressure and silicone therapies with 3d
printing and scanning. Int. J. Bioprint, 7: 123-134.
Diegelmann, R.F. and M.C. Evans, 2004. Wound healing: An
overview of acute, fibrotic and delayed healing. Frontiers
Biosci., 9: 283-289.

Bodhankar, S.,L.Zhang, T.Wu, A. Kandhare, A. Mukherjee and
G. Guo, 2018. Elucidation of the molecular mechanism of
tempolin pentylenetetrazol-induced epilepsy in mice: Role of
gamma-aminobutyric acid, tumor necrosis factor-alpha,
interleukin-1pB and c-Fos. Pharmacogn. Mag., 14: 520-527.
Visnagri, A.,A.D.Kandhare, P.Ghoshand S.L. Bodhankar, 2013.
Endothelin receptor blocker bosentan inhibits hypertensive
cardiac fibrosis in pressure overload-induced cardiac
hypertrophy in rats. Cardiovasc. Endocrinol., 2: 85-97.

Lages, L.C, J. Lopez, AM. Lopez-Medrano, S.E. Atlas and
A.H.Martinez etal,2017. A double-blind, randomized trial on
the effect of a broad-spectrum dietary supplement on key
biomarkers of cellularaging including inflammation, oxidative
stress and DNA damage in healthy adults. J. Clin. Transl. Res.,
2:135-143.

Cui,J., G.Wang, A.D.Kandhare, A.A. Mukherjee-Kandhare and
S.L. Bodhankar, 2018. Neuroprotective effect of naringin, a
flavone glycoside in quinolinic acid-induced neurotoxicity:
Possible role of PPAR-y, Bax/Bcl-2 and caspase-3. Food Chem.
Toxicol.,, 121: 95-108.

Kang, X., X. Zhang, X. Zhu, Y. Yan and C. Li, 2019. A novel
monoclonal antibody pc322 inhibit prostate cancer cell
autophagy. Cancer Plus, 1: 24-32.

Hussain, K, A. Siddig, Z. Naz and G. Ambreen, 2021.
Association of repeatedly heated oil-induced hepatic fat
accumulation and development of cancer: A commentary.
Cancer Plus, 2: 6-10.

Hiebert, P.and S. Werner, 2019. Regulation of wound healing
by the NRF2 transcription factor-more than cytoprotection.
Int. J. Mol. Sci,, Vol. 20. 10.3390/ijms20163856.

Mukherjee, A, J. Zhang, A.D. Kandhare and S.L. Bodhankar,
2018. Curcumin ameliorates vitamin a deficiency-induced
urolithiasis in neonatal rats via inhibition of KIM-1/NGAL, Nrf2
and iNOs pathways. Latin Am. J. Pharm., 37: 2502-25011.

Li, W., AD. Kandhare, A.A. Mukherjee and S.L. Bodhankar,
2018.Hesperidin, a plant flavonoid accelerated the cutaneous
wound healing in streptozotocin-induced diabetic rats: Role
of TGF-B/smadsand Ang-1/Tie-2 signaling pathways. EXCLI J,,
17:399-419.

Bodhankar, S, H. Yin, G. Zhang, AD. Kandhare and
A.A. Mukherjee, 2019. Ameliorative effect of morin, a plant
flavonoid against Freund's complete adjuvant-induced
polyarthritis in rats. Pharmacogn. Mag., 15: 43-51.



56. Antunes-Ricardo, M., J.

57.

Int J. Pharmacol, 18 (1): 153-163, 2022

Gutierrez-Uribe  and
S.0.Serna-Saldivar, 2015. Anti-inflammatory glycosylated
flavonoids as therapeutic agents for
diabetes-impaired wounds.
15:2456-2463.

Lipsky, B.A., 2016. Diabetic foot infections: Current treatment
and delaying the ‘post-antibiotic era’. Diabetes/Metab. Res.
Rev., 32: 246-253.

treatment of
Curr. Topics Med. Chem.,

163

58.

59.

Balaji, S, N. Han, C. Moles, A.F. Shaaban, P.L. Bollyky,
T.M. Crombleholme and S.G. Keswani, 2015. Angiopoietin-1
improves  endothelial progenitor  cell-dependent
neovascularizationin diabeticwounds. Surgery, 158:846-856.
Slyke, P.V., J. Alami, D. Martin, M. Kuliszewski, H. Leong-Poi,
M.V. Sefton and D. Dumont, 2009. Acceleration of diabetic
wound healing by an angiopoietin
Tissue Eng. Part A, 15: 1269-1280.

peptide mimetic.



	IJP.pdf
	Page 1




