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ABSTRACT

Objective: Diabetes, a significant public health issue today, causes
serious health problems due to its complications and will become
a global epidemic if no action is taken. Diabetic patients experience
elevated oxidative stress, which impairs wound healing. The purpose
of this study was to investigate the effects of ellagic acid (EA) and
carnosic acid (CA) on oxidative events in liver tissue in diabetic rats
with wounds.

Methods: The rats were divided into 7 groups as control, untreated-3
day, untreated-7 day, topical-3 day, topical-7 day, oral-3 day and oral-7
day. To induce diabetes in the subjects, each group received a single
intraperitoneal injection of streptozotocin. Rats were treated topically
or orally with EA + CA. On the 3™ and 7" days of recovery, the rats
were sacrificed and the levels of nitric oxide (NOx), malondialdehyde
(MDA), glutathione (GSH), protein carbonyls (PC), and ascorbic acid
(AA) were measured spectrophotometrically to investigate the effects
of oxidative stress in liver tissue.

Results: Liver tissue MDA, NOx, and PC levels were determined to be
statistically decreased in both topical and oral applications compared
to the control and untreated groups (p<0.05). Liver tissue GSH, AA, and
collagen levels were found to be statistically increased in both topical
and oral applications when compared to the control and untreated
groups (p<0.05).

Conclusion: These results show that the combination of EA and CA
with two different application methods significantly reduces oxidative
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Amag: Onemli bir halk saghg sorunu haline gelen diyabet,
komplikasyonlariyla birlikte ciddi saglik sorunlari olusturmakta ve
onlem alinmaz ise kiresel bir salgin seklinde ilerlemektedir. Diyabetik
hastalarda oksidatif stres artmakta ve yara iyilesmesi bozulmaktadir.
Bu calismanin amaci, yarali diyabetik sicanlarda elajik asit (EA) ve
karnosik asidin (CA) karaciger dokusundaki oksidatif olaylar tizerindeki
etkilerini arastirmaktir.

Yontemler: Siganlar kontrol, tedavisiz-3 giin, tedavisiz-7 giin, topikal-3
glin, topikal-7 glin, oral-3 giin ve oral-7 giin olmak lzere 7 gruba
ayrildi. Tum gruplara diyabet modeli olusturmak amaciyla tek doz
streptozotosin enjekte edildi. Siganlar EA + CA ile topikal veya oral
olarak tedavi edilmistir. iyilesmenin 3. ve 7. giinlerinde siganlar sakrifiye
edilmis ve karaciger dokusunda oksidatif stresin etkilerini arastirmak
icin nitrik oksit (NOx), malondialdehit (MDA), glutatyon (GSH), protein
karbonilleri (PC), askorbik asit (AA) seviyeleri spektrofotometrik olarak
Olgulmastar.

Bulgular: Karaciger dokusu MDA, NOx ve PC diizeyleri hem topikal hem
de oral uygulamalarda kontrol ve tedavisiz gruplara kiyasla istatistiksel
olarak diistik bulundu (p<0,05). Karaciger dokusu GSH, AA ve kollajen
dizeyleri hem topikal hem de oral uygulamalarda kontrol ve tedavisiz
gruplara kiyasla istatistiksel olarak yliksek bulundu (p<0,05).

Sonug: Bu sonuglar, EA ve CA'nin iki farkli uygulama yontemiyle
kombinasyonunun karaciger dokusundaki oksidatif olaylara etki ederek
ilag metabolizmasindaki oksidatif stresi 6nemli 6lglide azalttigini ve
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ABSTRACT

stress associated with drug metabolism by affecting oxidative events
in liver tissue, and has the potential to prevent possible complications
of diabetes.

Keywords: Ellagic acid, carnosic acid, oxidative stress, liver,
inflammation
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diyabetin olasi komplikasyonlarini 6nleme konusunda potansiyeli
oldugunu gostermektedir.

Anahtar Sozciikler: Elajik asit, karnosik asit, oksidatif stres, karaciger,
enflamasyon

INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic endocrine disorder
that affects carbohydrate, protein, and lipid metabolism due to
insufficient or absent insulin secretion and/or action (1). Recent
data published by the International Diabetes Federation shows that
there are approximately 9 million people with diabetes in Tirkiye
between the ages of 20-79 years, which represents approximately
14.5% of the total adult population (2). All types of diabetes are
linked to the dysfunction and destruction of beta cells. Factors such
as autoimmunity, inflammation, insulin resistance, obesity, an aging
population, and physical inactivity can lead to the loss of pancreatic
beta cells (1).

Uncontrolled diabetes can lead to various macrovascular
complications, including macrovascular complications such as
coronary artery disease, and microvascular complications such as
neuropathy, nephropathy, and retinopathy. These complications
occur in the long term due to oxidative stress caused by increased
reactive oxygen species (ROS) production (3). Additionally, diabetes
can impair wound healing due to infection, local circulatory
disturbance caused by angiopathy, and peripheral neuropathy.
The cause of diabetic wounds is not certain, but it may be due to
accelerated atherosclerosis and infections induced by decreased
perfusion, caused by neuropathy, slow collagen synthesis and
deposition, decreased angiogenesis, and weaker tensile strength of
the wound (4). As normal wound healing cannot occur, free radicals
or oxidants continue to increase tissue damage by targeting DNA,
proteins, and lipids (5,6). Biological systems have an integrated
antioxidant defence system, including catalase (CAT), glutathione
(GSH), and superoxide dismutase (SOD), to counteract these
molecules (7).

Patients are cautious about the use of medications to treat diabetic
wounds because of the potential negative metabolic effects of
the drugs. As the principal organ for drug metabolism, the liver is
essential to drug detoxification and the body’s removal of chemicals.
The genesis of drug-induced hepatotoxicity is an early event that
generates radical species, such as ROS (8). Additionally, it contains
a higher concentration of antioxidant enzymes such as CAT and
glutathione peroxidase than other organs (9).

Endogenous and exogenous drugs, as well as specialised devices
and techniques, are used to treat diabetic wounds. However, due
to the low success rate of treatment, high cost, and potential side
effects to the patient, as well as an increase in oxidative stress
during the process, late wound closure or organ loss may occur.
Therefore, the use of compounds with natural antioxidant content
is necessary in the treatment of impaired wounds. According to
the data gathered, ellagic acid (EA) and carnosic acid (CA) have

properties that can prevent or treat a variety of diseases, including
diabetes, Parkinson’s disease, cancer, cardiovascular disease,
ulcerative colitis, and Alzheimer’s disease. These properties include
anti-inflammatory, antioxidant, and antimicrobial effects (10-14). EA
exhibits anti-inflammatory activity by reducing mediator molecules
such as interleukin-6 and tumour necrosis factor-a. Additionally, it
scavenges free radicals through transcriptional activation of nuclear
erythroid 2-related factor 2 (Nrf2) and has antioxidant activity
against toxic conditions in the liver (12,13). CA is another compound
that exhibits antioxidant efficacy by disrupting the formation of
the Nox4 enzyme complex through inhibition of the nuclear factor-
kappa B (NF-kB) inhibitor signaling pathway (14). It acts as a metal
ion chelator and is a potent scavenger of peroxyl radicals. Its effect
on membrane lipid peroxidation is higher than that reported
for artificial antioxidants (15,16). CA has been demonstrated to
protect against lipopolysaccharide-induced liver injury by inducing
phase 2 antioxidant enzymes. Moreover, it reduces oxidative/
nitrosative stress caused by lipopolysaccharide (LPS) by reducing
lipid peroxidation, serum nitric oxide (NOx) levels, and protein
carbonylation (17). In combination with other natural compounds,
CA has shown beneficial effects in most experimental disease models
and is a promising compound in many fields (11,17).

This study hypothesizes that the administration of these
two compounds can significantly impact oxidative stress in
drug metabolism. To this end, the effects of various routes of
administration of EA and CA on oxidative stress in liver tissue were
evaluated for the first time.

MATERIAL AND METHODS

Animals

The Gazi University Laboratory Animal Committee Ethics
Committee granted permission for the investigations (approval
number: G.U.ET-20.012, date: 14.02.2022). Prior to tissue sample
collection, all procedures were carried out at the Animal Breeding
and Experimental Research Center (GUDAM) of Gazi University
Laboratory. Forty-two male albino Wistar rats weighing 250-300 g
were used, and these were utilized in the studies from GUDAM. The
rats were fed freely both before and throughout the experiment, and
they were housed in separate cages at 2015 °C with synchronized
light cycles.

Creation of a Diabetes and Wound Model

To develop diabetes, rats were given a single dose of 60 mg/kg
streptozotocin intraperitoneally (Sigma-Aldrich). After three days,
blood glucose levels were tested, and those greater than 250 mg/
dL were classified as diabetic. The animals were weighed, and
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anaesthetised according to their weight. Intramuscular injections
of ketamine (Alfasan, NED 50 mg/kg) and xylazine (Alfasan, NED
5 mg/kg) were administered to induce anaesthesia. Following
anaesthesia, the dorsal region of the animals was shaved without
damaging the skin. The animals were then restrained face down.
With the exception of the control group, six full-thickness excisional
wounds were created on both sides of the spine in parallel, in the
dorsal region of all animals using a punch biopsy (Acuderm, USA).

Experimental Design and Liver Tissue Collection

The rats were divided into seven groups, as shown in Table 1: control;
untreated-3 day; untreated-7 day; topical-3 day; topical-7 day; oral-3
day and oral-7 day.

The topical gel was prepared using Carbopol 974P at a concentration
of 2%. CA was dispersed in distilled water (98 g) and mixed at 800
rpm for 60 minutes. A 10% NaOH solution was added dropwise to
this mixture to form a transparent gel (18). The dose of EA and CA
was adjusted to 10 mg/kg. The gel was stored at +4 °C for 24 hours
to eliminate air bubbles. It was then UV sterilised and prepared for
in vivo topical application. The gel formulation, which contained EA
+ CA, was spread as a thin layer on a Petri dish and sterilised under
a 254 nm UV-C lamp in a laminar flow cabinet for 2 hours. In the
topical administration groups, a single daily dose of EA + CA (10 mg/
kg), containing gel, was applied topically to each wound. In the oral
administration groups, a single daily dose of EA + CA (10 mg/kg) was
administered by oral gavage after being dissolved in water.

The experiment weighed the animals on a standard balance and
induced general anaesthesia by injecting them with ketamine
(alfamine 50 mg/kg) and xylazine (alfazyne 5 mg/kg) in proportion to
their weight. Spectrophotometric evaluation was used to measure
the levels of malondialdehyde (MDA), GSH, NOx, protein carbonyls
(PC), ascorbic acid (AA), and collagen in the liver tissue of the
sacrificed animals on days 3 and 7.

Biochemical Analysis

MDA, GSH, NO and AA Determination

The Buege and Aust (19) method was utilized. A homogenizer set
at 5000 rpm was used to homogenize liver tissue in 150 mM KCI.
The tissue sample was mixed with 15% TCA solution to precipitate
the protein. After centrifuging the precipitate, a portion of the

Table 1. Group specifications

supernatant was combined with 0.67% TBA and 1% BHT, and the
mixture was heated. The spectrophotometer was used to measure
absorbance at 532 nm after cooling.

The Elman method was used to measure GSH levels in tissue
samples. The samples were homogenized in 0.15 M cold KCI, and
then to deproteinize the homogenate, a metaphosphoric acid-EDTA
NaCl combination was added. DTNB solution was added to the
0.3 M Na,HPO, supernatant following centrifugation. The samples
were measured at 412 nm (20).

The AA determination procedure in tissue involves homogenizing
the tissues in a cold PCA/EDTA combination, as described by Roe
and Kutherin and as further edited by Berger et al. (21). Next, the
homogenate was centrifuged. Two tubes were prepared: one
carrying a conventional AA solution and the other containing PCA
solution. The samples were then prepared in the tubes holding the
supernatant and incubated individually after a color reagent was
added. The samples were mixed and sulfuric acid was added to
each tube. Then, the mixture was maintained at room temperature.
Spectrophotometry was used to analyze the samples at a wavelength
of 520 nm.

The NOx level in the tissue was evaluated by detecting the stable
end products, nitrite and nitrate, using the Griess reaction. To
deproteinize the sample, 0.3 M NaOH and 10% ZnSO, were used.
After the experiment, the mixture was centrifuged, and the
supernatants were employed in the Griess experiment (22).

Assay Methods of PC and Collagen

Reznick and Packer (23) developed a method for measuring the
amount of reactive carbonyl groups in protein oxidation, which
indicatestheexistence of oxidative stress. Weemployedthe hydrazone
formation method to measure the PC groups, where hydrazone
is produced by the interaction of 2,4-dinitrophenylhydrazine
with protein carbonyl groups. We next examined the PC groups
spectrophotometrically at 370 nm and calculated the total protein
content at 280 nm (24). The modified Lowry method (25) was used
to measure collagen concentrations in tissues.

Statistical Analysis

For all values, the arithmetic mean * standard error was used. One-
way ANOVA and the Tukey's multiple comparison test were used to

Groups Specifications

Control STZ injected, not wounded, no treatment (n=6).
Untreated 3 day

Untreated 7 day

Topical 3 day

day 3 (n=6).
Topical 7 day

day 7 (n=6).
Oral 3 day
Oral 7 day

STZ injected, wounded, no treatment, sacrificed at post wounding day 3 (n=6).

STZ injected, wounded, no treatment, sacrificed at post wounding day 7 (n=6).

STZ injected, wounded, a single daily dose EA + CA (10 mg/kg) was applied topically to wounds, sacrificed at post wounding

STZ injected, wounded, a single daily dose EA + CA (10 mg/kg) was applied topically to wounds, sacrificed at post wounding

STZ injected, wounded, a single daily dose EA + CA (10 mg/kg) was applied orally, sacrificed at post wounding day 3 (n=6).
STZ injected, wounded, a single daily dose EA + CA (10 mg/kg) was applied orally, sacrificed at post wounding day 7 (n=6).

STZ: Streptozotocin, EA: Ellagic acid, CA: Carnosic acid.
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assess the values (SPSS 16.0 for Windows, SPSS Inc., USA). P values
less than 0.05 were regarded as statistically significant.

RESULTS

MDA Levels of Groups

The MDA levels in the liver tissue of the various groups are displayed
in Figure 1 and Table 2. MDA levels were significantly lower in the
oral and topical application groups than in the control and untreated
groups (p<0.05). Because of enhanced lipid peroxidation, the liver
MDA levels were greater in the untreated groups observed at 3 and
7 days.

GSH Levels of Groups

Liver tissue GSH levels were significantly higher in the topical and
oral treatment groups compared to the control and untreated
groups (Figure 2 and Table 2) (p<0.05). A significant increase was

70 *
60 I

50 ! :

40

* kk kkk
A
* Kk kkok
20 Sy

’
i | | | | - . -
0

Control Untreated Untreated Topical Topical Oral Oral
3 day 7 day 3 day 7 day 3 day 7 day

k Rk KKK g omk kokok
)

Figure 1. MDA level in the livers of groups.

*p<0.05 compared to control, **p<0.05 compared with untreated 3 day
group, ***p<0.05 compared with untreated 7 day group.

MDA: Malondialdehyde.

Table 2. MDA, GSH, NOx, AA, PC and collagen levels in the liver tissue of rats

found in the 7-day oral treatment group when compared to the
3-day oral treatment group (p<0.05) (Figure 2). The administration
of both substances, orally and topically, resulted in an increase in
GSH production in liver tissue, due to their antioxidant capacity
against oxidative stress. It is believed that EA and CA possess
synergistic antioxidant properties. The decrease in oxidative stress
occurred due to the antioxidant capacity of the compounds used in
the application (EA and CA), which reduced lipid peroxidation and
oxidative damage.

NOx Levels of Groups

According to the study, the untreated 3-day and 7-day diabetic

groups had substantially higher NOx levels than the control group

(Table 2) (p<0.05). Figure 3 shows that all oral and topical application

groups had significantly lower NOx levels than the untreated groups

(p<0.05). Figure 3 and Table 2 show that the 3-day oral application
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Figure 2. GSH level in the livers of groups.

*p<0.05 compared to control, **p<0.05 compared with untreated 3
day group, ***p<0.05 compared with untreated 7 day group, #p<0.05
compared with topical 3 day group, ##p<0.05 compared with topical 7
day group, ###p<0.05 compared with oral 3 day group.

GSH: Glutathione.

Groups MDA GSH (umol/g tissue) NOx (nmol/g tissue) AA (ug/g tissue) PC (nmol/g tissue) Collagen (mg/g tissue)
(nmol/g tissue)

Control 46.02+4.57 5.13+1.21 27.24+3.58 14.5140.73 13.59+1.63 42.80+2.00

Untreated 57.29+3.60* 3.81+0.55 32.79+1.8* 8.3310.22* 14.82+2.41 26.13+4.21*

3 day

Untreated 62.3744.22* 4.68+1.01 35.0643.8* 8.03+0.52* 28.3843.52% ** 20.8241.80%*,**

7 day

Topical 3 16.3943.5% ** H*x* 9.3942,10% ** *** 11.39+3.30% ** ***  14.26+0.55%* *** 23.5242,54% ¥* Hxx 27.1842.77% ***

day

Topical 7 14.83+2.03 * *¥* ***  11.2941.33% ** *** 6.7241.65% ** *** 14.13+0.41%* *** 12.02+1.81%** # 31.73£1.94% ** *** 4

day

Oral3day  1.48+1.40%** *** 9.7811.06% ** *** 4,9441.97% *¥* *xx 4 11.7120.45% %% *** 4 it 18.0142.04% *¥** # ## 30.234£1.61% ***

Oral 7day  12.88%2.02%** *** 12 10+£0.48% ** *** # ###f 3.81+1.08* ** *** # 14.26+2.10%* *** it 10.14+1.43%* % 4 ittt 34.28+1.95% ** *** #

*p<0.05 compared to control, **p<0.05 compared with untreated 3 day group, ***p<0.05 compared with untreated 7 day group, #p<0.05 compared with topical 3 day group,
##p<0.05 compared with topical 7 day group, ###p<0.05 compared with oral 3 day group.
MDA: Malondialdehyde, GSH: Glutathione, NOx: Nitric oxide AA: Ascorbic acid, PC: Protein carbonyls.
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group had a lower NOx level (p<0.05) than the 3-day non-oral
application therapy group.

AA Levels of Groups

In all treated groups where EA and CA together were administered,
AA levels in liver tissue were statistically higher than in the untreated
groups (Figure 4) (p<0.05). In the groups that did not receive
treatment, the AA level was significantly lower than in the control
group (Table 2). The AA level was significantly higher in the 7-day
oral treatment group than in the 3-day oral gavage treatment group,
while it was lower in the 3-day oral treatment group compared to
the 3-day topical treatment group (Figure 4) (p<0.05).

PC Levels of Groups

The 7-day untreated group had substantially greater PC levels
compared to the control and 3-day untreated groups (Figure 5;
p<0.05). A comparison of topical treatment groups found that the
3-day group had significantly higher PC levels than the control and
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Figure 3. NOx level in the livers of groups.

*p<0.05 compared to control, **p<0.05 compared with untreated 3
day group, ***p<0.05 compared with untreated 7 day group, #p<0.05
compared with topical 3 day group.

NOx: Nitric oxide.
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Figure 4. AA level in the livers of groups.

*p<0.05 compared to control, **p<0.05 compared with untreated 3
day group, ***p<0.05 compared with untreated 7 day group, #p<0.05
compared with topical 3 day group, ##p<0.05 compared with topical 7
day group, ###p<0.05 compared with oral 3 day group.
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7-day groups. When compared to the untreated group, the 3-day
oral therapy group considerably increased in effect, while the 7-day
oral therapy group dramatically reduced in effect (p<0.05) (Figure 5
and Table 2).

Collagen Levels of Groups

Collagen levels in liver tissue were found to be significantly higher in
all groups treated with both EA and CA than in the untreated 7-day
group (Figure 6). Furthermore, a significant decrease was observed in
alltreatment groups, including the untreated group, when compared
to the control group. There was no significant difference observed
between the 3-day topical and 3-day oral groups, or between the
7-day topical and 7-day oral application groups (p>0.05). In all
groups that were treated, both topical and oral gavage applications
of EA and CA resulted in an increase in collagen levels in liver tissue
(Figure 6 and Table 2).
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Figure 5. PC level in the livers of groups.

*p<0.05 compared to control, **p<0.05 compared with untreated 3
day group, ***p<0.05 compared with untreated 7 day group, #p<0.05
compared with topical 3 day group, ##p<0.05 compared with topical 7
day group, ###p<0.05 compared with oral 3 day group

PC: Protein carbonyls.
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Figure 6. Collagen level in the livers of groups.

*p<0.05 compared to control, **p<0.05 compared with untreated 3
day group, ***p<0.05 compared with untreated 7 day group, #p<0.05
compared with topical 3 day group, ##p<0.05 compared with topical 7
day group, ###p<0.05 compared with oral 3 day group
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DISCUSSION

Wound healing is a dynamic and complex process that involves
hemostasis, inflammation, proliferation, and maturation phases.
Local and systemic factors, such as DM, play a crucial role in wound
healing. The chronicisation of diabetic wounds involves various
factors, including an impaired immune system due to decreased
perfusion caused by accelerated atherosclerosis and neuropathy,
decreased angiogenesis, slower collagen synthesis and deposition,
weaker tensile strength of wounds, and impaired oxidative balance
(26). Diabetes disrupts the redox equilibrium, leading to oxidative
stress brought on by either a reduction in the activity of antioxidant
systems or an increase in the production of free radicals. The liver is
the primary organ where specific enzymes accumulate and perform
a two-stage detoxification process to scavenge free radicals (27).
When diabetes and its complications are not effectively controlled,
diabetic wounds can become chronic, leading to impaired oxidative
balance and potentially severe consequences. Numerous studies
have demonstrated the antioxidant and anti-inflammatory
properties of EA and CA, which help to balance oxidative stress.
This work investigates the effect of different applications of EA and
CA on oxidative damage in diabetic wounds, since the liver is the
most important organ for detoxification enzymes that scavenge free
radicals.

Abdelkader et al. (28) carried out research on liver toxicity and
found that oral gavage administration of EA had an inhibitory effect
on oxidative stress. This was demonstrated by measuring liver MDA,
NOx, and GSH levels. Our study also showed a significant decrease
in MDA and NOx levels in the groups that received both EA and CA,
indicating a reduction in oxidative stress. Although no significant
difference was observed in the MDA level of the treated groups with
oral and topical application, the significant decrease in NOx in the
oral application groups suggests that the antioxidant effect of these
two substances may be more effective in the gastrointestinal tract.
Furthermore, Xiang et al. (16) discovered that the harmful effects of
NOx, cytokines, and free oxygen radicals were all inhibited by CA.
Furthermore, by raising liver GSH levels, it markedly improved the
body’s cellular antioxidant defense mechanism.

NOx is a molecule that contributes to every stage of wound healing,
including angiogenesis, epithelial cell migration, keratinocyte
proliferation, and collagen secretion by fibroblasts. Although it has
a protective effect at physiological doses, at high levels, it exhibits
a cytotoxic effect and reacts with ROS in the body to form radicals
(29). The significant increase in NOx in the untreated groups and
the significant decrease in NOx in the orally treated groups indicate
that the two substances reduce nitrosative stress. These findings
are consistent with those of Xiang et al. (16). Bagheri Tadi et al.
(30) investigated the gene expression of antioxidant and oxidative
stress factors in chronic wounds of diabetic rats by applying adipose-
derived stem cell-associated photobiomodulation. The study found
that this application strongly facilitated the inflammatory and
proliferative phases of the wound healing process, by reducing the
inflammatory response, NOx1, and NOx4. According to this study,
the reduced NOx ratio in liver tissue resulting from the various
EA and CA applications used in our study may have hastened the
inflammatory and proliferative phases of wound healing processes,
leading to increased formation of granulation tissue.

Enzymatic catalysis and chemical processes can both be used to
create MDA from polyunsaturated fatty acids. It is one of the end
products of lipid peroxidation metabolism (31). The low levels of MDA
in both the oral gavage and topical treatment groups suggest that EA
and CA reduce oxidative stress by decreasing lipid peroxidation in
the liver. Zhu et al. (32) conducted a study on brain tissue, which
showed that EA scavenges free radicals, reduces ROS production,
and exhibits anti-inflammatory effects by regulating Nf-kB, MAPKSs,
and JAK/STAT pathways. This supports our own findings. The liver
is the primary organ for harboring detoxification enzymes and the
scavenging of endogenous and exogenous free radicals (8). In this
study, we found no significant difference in MDA levels in liver tissue
between the topical and oral-treated groups. This lack of difference
may be attributed to the poor water solubility and low bioavailability
of EA. In the gastrointestinal tract and other places, such as the liver,
phase | and phase Il enzymes metabolize EA, converting it into more
water-soluble metabolites that may be eliminated in the urine or
held in tissues (33). In their study on Iberian pigs, Espin et al. (34)
discovered that the urolithin metabolite resulting from EA was only
present in high concentrations in the gallbladder and urinary bladder,
but not in any of the tested tissues, including muscle, liver, heart,
and adipose tissue. The untreated groups showed that hydroxyl
and peroxyl radicals were responsible for initiating and promoting
lipid peroxidation, resulting in an increase in MDA. The low levels
of MDA in the EA-treated and CA-treated groups may be due to EA’s
ability to inhibit lipid peroxidation even at very low concentrations,
as demonstrated in Priyadarsini et al. (35).

Our study revealed a significant reduction in oxidative effects in liver
tissue following the administration of 10 mg of EA and CA. CA was
used in addition to EA due to its antioxidant and anti-inflammatory
effects, which have been shown to be beneficial in treating various
health disorders (10,11). Furthermore, we assessed oxidative events
inthe liver tissue of subjects with diabetic wounds for the first time by
using both EA and CA, taking into account, the low bioavailability of
EA and high bioavailability of CA (33,34,36). In a recent work by Chen
et al. (36), the distribution of CA in various tissues, including the liver,
stomach, and digestive contents, was determined to investigate its
absorption and transport mechanisms. The researchers concluded
that CA is both locally and systemically accessible in the digestive
tract after it was administered orally for seven days. Additionally, the
study raises the possibility that the gut microbiota is essential for
the breakdown and assimilation of CA. In the study by Xu et al. (37),
the high MDA level in the liver tissue of the CA-treated groups was
reduced, and lipid peroxidation was minimized in the other groups.
One possible explanation for the low level of MDA in the groups
where EA and CA were administered together is that CA may actas a
metal ion chelator, function as a strong scavenger of peroxyl radicals,
and have a significant effect on lipid peroxidation (14).

In this study, we compared the treatments we applied with other
groups, using PC levels, as well as MDA and NOx levels. Free radicals
not only affect compounds such as lipids and nucleic acids through
oxidative reactions, but they also react with important compounds
such as proteins, causing various biological problems. One kind of
oxidative protein alteration that is considered irreversible is protein
carbonyl modification. They contain products of lipid peroxidation
that disappear in a matter of minutes. Since protein oxidation
happens very early during oxidative stress and is not caused by a
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particular oxidant, we employed PC levels as a marker of protein
oxidation in this work (38). In this study, the untreated groups
showed a significant increase in PC levels after 7 days. This indicates
that protein carbonyls remain in the bloodstream for a longer
period than other oxidative stress markers. Without treatment,
oxidative stress increases over time and protein dysfunction
worsens. In a study conducted by Balabanli and Balaban (39), where
endotoxaemia was induced in rats, PC levels were found to be high in
the endotoxin-treated group, which supports our finding. Our study
revealed significant differences of protein carbonyl levels, depending
on timing rather than application methods. A significant decrease
was determined in the 7-day treatment group compared to both the
untreated 7-day group and the topical 3-day group, regardless of the
application method used. The significant decrease in PC levels in the
tissue with EA and CA, is thought to be due to the protective impact
of these two active substances on proteins from carboxylation.
They also play an effective role in antioxidant metabolism in longer
applications, both topical and oral. Although no significant difference
was observed between the 7-day treatment groups, the strongest
antioxidant effect was observed in the 7-day oral gavage treatment.
Xiang et al. (16) found that oral administration of CA reduced
protein carbonyls and showed antioxidant effects in LPS-induced
liver damage. Karimi et al. (40) demonstrated that EA administration
at 30 mg/kg orally significantly decreased elevated MDA, NOx, and
protein carbonyl levels in toxin-induced hepatotoxicity, reversing
oxidative damage. Moreover, the outcomes show that the inhibitory
impact changes according to concentration. Therefore, further
research should be conducted on the method, and duration of use
of the CA and EA combination.

Antioxidant defence systems are crucial for protecting cells and
tissues from damage caused by free radicals generated by reactive
oxygen and nitrogen. GSH, an antioxidant synthesised from
glutamate, cysteine and glycine in the liver, plays a vital role in this
protection (29). In this study, GSH levels were significantly higher in
all therapy groups compared to the control and untreated groups,
indicating an increase in antioxidant capacity. Nisari (41) investigated
the protective effect on antioxidant enzymes in the liver tissue of
diabetic rats, and found a significant decrease in GSH activity. The
study found that GSH production increased in liver tissue as a result
of both oral and topical application of the two substances due to
its antioxidant capacity against oxidative stress. The most significant
increase in GSH was observed in the 7-day oral treatment group
compared to the 3-day topical and 3-day oral treatment groups. This
suggests that the two substances may be more effective in terms
of bioavailability when administered orally, over a longer duration.
The results of Shendge et al. (42) support our findings regarding the
favourable effects of EA on oxidative stress in hepatotoxicity caused
by iron overload. In their in vivo study, after determining the in vitro
antioxidant capacity of EA, they found that ROS levels decreased, and
SOD, CAT, GST, and GSH increased in the groups treated orally with
EA, in liver tissue samples. The results of MDA and PC in EA-treated
groups in this study are also consistent with our results previously
discussed. Similarly, Das et al. (43) found results similar to ours
regarding CA treatment. They showed that CA treatment (10 and
20 mg/kg) increased lipid peroxidation and protein carbonylation in
hepatic tissue to levels close to normal. It also increased GSH and
other endogenous antioxidant enzymes.
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Another parameter used in the study was AA, an acronym for an
important substance with non-enzymatic antioxidant properties
similar to GSH. The statistically significant increase in AA levels in
liver tissue in all treated groups, indicates an increase in antioxidant
capacity. Devipriya et al. (12) conducted a study that yielded results
similar to ours. They administered three different concentrations
of EA intragastrically to evaluate its effects against alcohol-induced
damage. The study found that AA in plasma increased along with
other antioxidants, and oxidative stress was reduced by a decrease
in liver marker enzymes. It is believed that CA may have an
antioxidant effect, particularly by scavenging lipid peroxyl radicals,
as reported in previous studies (14). The significant increase in GSH
levels in all treated groups, administered via both topical and oral
gavage applications, compared to the untreated groups, indicates an
increase in antioxidant capacity. Previous studies have also reported
a positive and significant correlation between AA supplementation
and GSH levels (44). When evaluating the treated groups separately,
no significant correlation was found among the topically treated
groups. However, in the orally treated groups, the 7-day orally
gavaged group showed a significant increase in AA compared to the
3-day orally gavaged group. This suggests that the two antioxidants
may be more effective in terms of bioavailability when administered
orally over a longer period of time. The results indicate a significant
decrease in the 3-day oral group compared to the topically treated
groups and the control group, suggesting that AA can effectively
eliminate oxidative stress. Additionally, AA is used in all stages of
wound healing, including apoptosis and phagocytosis of neutrophils,
synthesis, and secretion of collagen. Therefore, it is possible
that the level of AA was lower on the 3rd day of injury with oral
application compared to topical application. The impact of EA and
CA on AAin liver tissue may be more closely linked to the method of
administration when examining our findings.

AA is essential for tissue formation and collagen synthesis. It
converts proline, a non-essential amino acid found in collagen, into
hydroxyproline (45). Collagen is a crucial matrix component that
plays a significant role in cell proliferation and migration during
the normal wound healing process. The number of myofibroblasts
increases during the fibrosis period when collagen synthesis, which
is necessary for extracellular matrix (ECM) formation, occurs.
Various cellular subgroups and mechanisms in the liver, kidney, lung,
heart, and skin contribute to extracellular matrix formation during
fibrogenesis. The liver is a significant source of ECM production,
with numerous cell types, including hepatic stellate cells, portal
myofibroblasts, resident fibroblasts, and bone marrow-derived
myofibroblast precursors. We investigated the effect of EA + CA
applications on collagen levels in the liver because hepatic stellate
cells and portal myofibroblasts, which perform collagen synthesis,
originate from the liver (46). Previous studies have investigated the
connection between epidermal adhesion and collagen as well as the
migration of fibroblasts in the skin. Duckworth et al. (47) investigated
the effect of EA on collagen and elastin production by administering
retinoic acid to human dermal fibroblasts for varying periods. They
found a significant increase in production and concluded that
EA can improve fine wrinkles by enhancing elastin and collagen
production. Using CA together with other chemicals, Darawsha et
al. (48) investigated the protective impact of polyphenols, estradiol,
and carotenoids on cutaneous fibroblasts under oxidative stress.
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The compounds were pre-incubated in dermal cells, resulting in
a decrease in the ROS level generated by H,O,, inhibition of cell
death, reversal of the increase in MMP-1 secretion, and reversal
of the decrease in pro-collagen levels caused by oxidative stress. In
this study, we observed a significant increase in collagen levels in
the treatment groups compared to the untreated groups, which is
consistent with the findings of Duckworth et al. (47) and Darawsha
et al. (48). The activation of the Nrf2 transcription pathway, which
increases the production of antioxidant enzymes that lower ROS, is
responsible for the increase in collagen in the EA + CA treated groups
(48).

The study found a significant decrease in AA levels in the 3-day
topical group, which showed the least increase in collagen levels. This
suggests that AA, which is necessary for collagen synthesis, is used
to eliminate oxidative stress, resulting in a low increase in collagen
levels (45). Abdelkader et al. (28) conducted a study on VPA-induced
liver toxicity. The treatment groups showed a significant decrease
in the content of hydroxyproline, one of the collagen components,
following the oral gavage administration of EA. In this study, we
found that collagen levels in the liver tissue of the control group
were higher than those of the wound-treated groups, which may
be due to hyperglycaemic conditions. This suggests that EA and CA
helped to eliminate hyperglycaemic conditions and maintain normal
cell conditions. Numerous studies have investigated the effect of EA
on collagen levels in various contexts, including hypertrophic scars,
liver tissue affected by schistosoma, and myocardial infarction. The
findings indicate that EA inhibits the proliferation and migration of
fibroblasts by inhibiting the expression of collagen |, collagen Ill,
MMP-2, and MMP-9, and ECM deposition. As a result, collagen fibre
deposition is significantly reduced (49). Zhang et al. (50) conducted
a study on the effect of CA on liver fibrosis. The study found that
administering CA, intragastrically to rats, which were induced with
bile duct ligation resulted in a reduction of a-smooth muscle actin
and collagen 1 expression in the liver.

When considering the two different application methods of EA
and CA in total, particularly in 7-day oral gavage and 7-day topical
application, it can be inferred that EA and CA applications reduce
lipid peroxidation and protein modification, increase antioxidant
capacity, and achieve oxidative balance. This is supported by the
decrease in MDA, NOx, and PC, as well as the increase in GSH, AA,
and collagen. EA and CA may have a synergistic effect when used
together, reducing inflammation and influencing cell behaviour
under normoglycaemic conditions. The study suggests that EA and
CA have a positive effect on liver tissue by reducing oxidative stress
and inflammation, which is important for overall metabolic control.
These findings contribute positively to the existing literature. EA
and CA work together to reduce oxidative stress and inflammation
by acting through the same pathway. The study shows that EA and
CA increased antioxidant activity by upregulating Nrf2 expression
in liver tissue. The Nrf2/Keapl system regulates the expression of
most endogenous antioxidants. Therefore, it can be concluded that
EA and CA enhance antioxidant capacity and reduce oxidative stress
by activating the Nrf2 pathway.

Study Limitations

The remarkable limitation of our study is the absence of data specific
to enzymatic antioxidants and molecular signaling pathways.

CONCLUSION

The positive effect of two antioxidant substances, (EA and CA) on
oxidative events in liver tissue was revealed, in this study, using a
diabetic wound model. Thus, the positive effects of a mixture with
potential use in diabetic wounds were revealed.
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