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Linalool exerts antioxidant activity in a rat model of diabetes by
increasing catalase activity without antihyperglycemic effect
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Abstract. Diabetes mellitus (DM) is a prevalent metabolic
disorder often accompanied by oxidative stress, which
contributes to various diabetic complications. Investigating the
antioxidant activity of linalool (LIN) is crucial as it may offer
a natural therapeutic approach to mitigate oxidative damage
in DM. The aim of the present study was to investigate the
antioxidant activity of LIN in a DM rat model. A total of 40
male Wistar albino rats (age, 8 weeks; weight, 250-300 g) were
used. CONTROL and DM groups were administered physi-
ological saline solution by oral gavage for 21 days. In rats in
the DM + LIN and LIN groups, 100 mg/kg LIN was admin-
istered intragastrically after streptozotocin injection (n=10 per
group). In the first (48 h after STZ injection), second (1 week
later), third (2 weeks later), and fourth (3 weeks later) blood
glucose measurements, a statistically significant increase was
found in the blood glucose values of the DM and DM + LIN
groups compared with those of the CONTROL group. During
the 21-day experimental period, there was no reduction in
blood glucose levels of the DM + LIN group. Consequently,
no discernible anti-hyperglycemic effect of LIN was observed.
Catalase enzyme activity, superoxide dismutase (SOD)
enzyme activity, malondialdehyde (MDA) levels and gluta-
thione (GSH) levels were measured spectrophotometrically.
All assays were conducted according to the protocols provided
in the respective kits. The results were analyzed to assess the
oxidative status and antioxidant capacity in the experimental
groups. Catalase (CAT) activity was decreased in the DM
group compared with that in the CONTROL group in both the
serum and liver. However, LIN administration restored CAT
activity in the DM + LIN group to the level of the CONTROL
group. In the liver, the DM + LIN-treated group showed a
notable reduction in malondialdehyde (MDA) levels compared
with those in the DM group. In conclusion, the present results
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suggest that the antioxidant properties of LIN may have
a regulatory effect on the oxidative status in diabetes-affected
systems, potentially offering therapeutic benefits in managing
oxidative stress associated with diabetes.

Introduction

Diabetes is a metabolic disease characterized by hypergly-
cemia due to defects in insulin production/function of insulin.
Chronic hyperglycemia can cause damage to the organs,
including the kidneys, eyes, nerves and heart. Multiple patho-
genic processes contribute to the onset of diabetes, including
the autoimmune destruction of pancreatic 3-cells leading to
insulin deficiency, as well as various abnormalities causing
insulin resistance, while deficient insulin function can also
lead to abnormalities in metabolism. Insufficient secretion of
insulin and tissue responses to insulin often coexist, making
the primary cause of hyperglycemia unclear (1).

Reactive oxygen species (ROS) are molecules containing
chemically active oxygen that are produced within living
systems. They are natural by-products of oxygen metabolism
in all aerobic organisms (2,3). Elevated levels of ROS result in
oxidative stress, which serves an important role in damaging
cellular components, such as lipids, proteins and DNA (4).
The antioxidant defense system plays a vital role in protecting
biological systems by mitigating the detrimental effects of
ROS. Numerous antioxidant enzymes, such as superoxide
dismutase (SOD), glutathione peroxidase, glutathione reduc-
tase, catalase (CAT) and paraoxonase, actively contribute
to this protective mechanism (5). Apart from the enzymatic
antioxidants, the non-enzymatic antioxidant defense system
[including ascorbate, tocopherols, retinol, carotenoids, reduced
glutathione (GSH), melatonin, polyphenols, ceruloplasmin and
carnosine, among others] is equally important in the regulation
of ROS levels and preservation of normal cellular function (6).
Elevated levels of oxygen free radicals are associated with
lipid peroxidation, non-enzymatic protein glycation and
glucose oxidation, all of which contribute to the development
of diabetes mellitus (DM) and its complications (2).

Cellular and animal model studies have revealed that
essential oils possess notable anti-inflammatory, antioxidant
and anticancer properties (7,8). Researchers are increasingly
interested in essential oils due to their natural phenolic content
and potential antioxidant and free radical scavenging activities.
Essential oils from basil, cinnamon, clove, nutmeg, oregano
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and thyme have demonstrated significant radical-scavenging
and antioxidant effects in the DPPH radical assay at room
temperature (9). However, it is important to note that the free
radical scavenging ability of these essential oils is not solely
attributed to their phenolic components, as monoterpene
alcohols, ketones, aldehydes, hydrocarbons and ethers also
contribute to their antioxidant activity (10).

Linalool (LIN), an acyclic monoterpene alcohol, is a
naturally occurring compound found in aromatic plants and is
widely used as a fragrance ingredient in various products. Its
versatile application extends from decorative cosmetics, fine
fragrances and toiletries to non-cosmetic items, such as house-
hold cleaners and detergents (11,12). LIN has been reported
to possess pharmacological properties, including sedative,
analgesic, anti-inflammatory, antioxidant, antimicrobial and
antitumor effects (13,14).

The interest in the antioxidant properties of essential
oils has increased recently (15,16). There is a growing trend
to substitute synthetic antioxidants with natural compounds,
leading to the emergence of their potential use as natural
additives (17). Cinnamomum osmophloeum (Lauraceae) oil
exhibited 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scav-
enging activity (ICs,, 29.7 ug/ml), which was associated with
its major component, LIN (73%) (18). Despite the association
between the antioxidant activity of essential oils and the pres-
ence of major compounds, such as LIN, in certain plants, van
Zyl et al (19) showed that LIN alone has minimal antioxidant
activity (ICs, >648 uM) against the DPPH radical.

LIN has been reported to reduce oxidative stress-induced
damage by inhibiting superoxide anion and hydroxyl radical
formation under in vitro conditions (20). In particular, studies
have indicated that its antioxidant effect is mediated by the
prevention of H,0,-induced decreases in cell viability, the
reduction of LDH release, excessive ROS production, apoptosis
and G,/M phase cell cycle arrest (21), as well as the inhibition
of NF-xB activation (20).

Streptozotocin (STZ), also known as streptozocin, was
identified in 1959 as a natural antibiotic originating from
Streptomyces achromogenes (22). The toxic effects of STZ on
pancreatic [3-cells, known as its diabetogenic action, were first
reported in 1963 (23,24). The STZ molecule, with a molecular
formula of CgH;sN;0; and a molecular weight of ~265 g/mol,
comprises two components: i) A glucopyranosyl group, which
aids its absorption by pancreatic $-cells through glucose trans-
porter 2; and ii) a nitrosourea group, which is responsible for the
destruction of pancreatic B-cells (25). STZ has been observed to
induce diabetic conditions in animal studies due to its selective
destruction of insulin-producing (3-cells within the pancreatic
islets (23). The detailed description of this effect in preclinical
rat laboratory models has encouraged the use of STZ to induce
diabetes in laboratory animals for research purposes (26).

Numerous studies have reported the diverse biological
activities of LIN (27-31). While most of these studies were
conducted in vitro or in animal models using different admin-
istration methods (i.e. intraperitoneally and inhalation) there is
a lack of consistent clinical investigations specifically focused
on LIN. Considering that processes such as oxidative stress and
inflammation are involved in the Considering that processes
such as oxidative stress and inflammation are involved in the
pathogenesis of diabetes (32), the antioxidant properties of

LIN may support a potential activity of this phytochemical
against oxidative stress in diabetes. Therefore, the present
study aimed to investigate the antioxidant activity of LIN in
an STZ-induced diabetic rat model.

Materials and methods

Chemicals and reagents. LIN and STZ were supplied by
Glentham Life Sciences Ltd. The kits for the SOD (cat.
no. 706002), CAT (cat. no. 707002), GSH (cat. no. 703002)
and malondialdehyde (MDA) (cat. no. 10009055) assays were
purchased from Cayman Chemical Company.

Animals. In the present study, 40 male Wistar albino rats (age,
8 weeks; weight, 250-300 g) were used. Care of the rats and
experimental procedures were performed at the Experimental
Medicine Application and Research Center of Karabiik
University. Rats were housed in transparent plastic conven-
tional cages (5 rats in each cage) according to the experimental
animal care conditions of the research center (21+2°C, 50+5%
humidity), with a 12/12 h light/dark cycle, with standard pellet
rat chow and tap water given ad libitum. Ethics approval for
the study was obtained from the Karabiik University Animal
Experiments Local Ethics Committee (approval no. 2022/2/3).

Induction of diabetes. In the present study, rats were intra-
peritoneally injected with a single dose of STZ (65 mg/kg) to
induce experimental diabetes (33). On experimental day 1, all
rats were fasted for 6-8 h before STZ administration. Water
was given normally. Immediately before injection, STZ was
dissolved in 50 mM cold (4°C) sodium citrate buffer (pH 4.5).
Animals in the CONTROL and LIN groups were injected with
an equal volume of citrate buffer (pH 4.5). Rats were returned
to their cages and were provided with normal food and water
containing 5% glucose. On day 2 of the experiment, 5%
glucose in the water was replaced with normal water (33,34).
Fasting blood glucose levels were measured with a glucom-
eter device (Accu-Chek Active; Roche Diagnostics) in ~1-2 ul
of blood taken from the tail vein by pricking and bleeding the
tail 48 h after STZ administration, and rats with glucose levels
exceeding 200 mg/dl were considered diabetic (35).

Administration of the experimental drug. Animals in the
CONTROL were included in the experiment as healthy
controls (n=10). The rats in the DM group (untreated diabetic
group) received no drugs (n=10). The CONTROL and DM
groups were given physiological saline solution by oral gavage
for 21 days. In the DM + LIN group, 48 h after STZ injection,
100 mg/kg LIN (in physiological serum) (36) was adminis-
tered via oral gavage once a day, every day for 21 days (n=10).
In the LIN group, 100 mg/kg LIN was administered via oral
gavage. Throughout the 21-day experiment (37), the animals
were provided with ad libitum access to food and water. Body
weight and fasting blood glucose levels (on the 7th, 14th and
21st days) were measured once a week before and after LIN
treatment initiation.

Collection of blood and tissue samples. At the end of the
21-day experimental period, anesthesia was induced in rats
using a combination of ketamine (80 mg/kg) and xylazine
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Time point CONTROL (n=10) DM (n=10) DM + LIN (n=10) LIN (n=10)
Before model establishment 113.40+15.67 413.20+46.94* 465.20+95.20*° 98.60+7.71¢
1 week after model establishment 97.56+£9.96 528.50+81.37* 547.50+76.770 102.80+15.75¢
2 weeks after model establishment 104.89+5.88 564.70+40.72* 572.10+56 .26 106.10+11.50°
3 weeks after model establishment 103.44+6.52 566.20+39.47* 579.90+39 .64 98.70+9.73¢

The data are presented as the mean + SD. “P<0.001 vs. CONTROL, "P<0.001 vs. LIN and “P<0.001 vs. DM at the same time point. DM,

diabetes mellitus; LIN, linalool.

(10 mg/kg) (38), and euthanasia was performed by cardiac
puncture and exsanguination. Blood samples from the heart of
the rats were placed in tubes without anticoagulant and were
left to coagulate at room temperature for 30 min, followed by
centrifugation at 2,000 x g for 15 min at 4°C.

Following euthanasia, the liver tissues were removed,
washed with saline and stored at -80°C until further analysis.

Analysis of oxidant and antioxidant parameters in blood and
tissue. CAT and SOD activities and GSH and MDA levels
in serum and liver tissue samples were determined using
the aforementioned commercial kits in accordance with the
protocols specified by the manufacturer. All measurements
were performed using a microplate reader (Multiskan™ GO
Microplate Spectrophotometer; Thermo Fisher Scientific Inc.).

Statistical analysis. Data are presented as mean = SD of
multiple animals used in one assay, and were analyzed using
SPSS Statistics, version 17.0 (SPSS, Inc.). Normality was
checked using the Shapiro-Wilk test. One-way ANOVA
followed by Tukey's post hoc test was used for determining
significant differences among the studied groups. P<0.05
considered to indicate a statistically significant difference.

Results

Blood glucose measurement. In all groups, blood glucose
was measured in the blood collected from the tail veins once
a week before and after LIN treatment initiation, four times
in total during the experiment. The blood glucose values of
the rats in the LIN-treated and untreated groups were assessed
(Table I). There was no statistically significant difference in
blood glucose levels between the CONTROL and LIN groups
and between the DM + LIN and DM groups at all measure-
ment times. This indicated that LIN alone did not have an
impact on blood glucose levels in non-diabetic rats, nor did it
significantly alter glucose levels in diabetic rats compared with
untreated diabetic rats.

A statistically significant difference was found between the
blood glucose values of the CONTROL vs. DM, CONTROL
vs. DM + LIN, DM vs. LIN and DM + LIN vs. LIN groups
at all time points (P<0.001). This demonstrates that the blood
glucose levels of the diabetic groups (DM and DM + LIN)
were consistently elevated compared with the non-diabetic
groups (CONTROL and LIN), confirming the successful
induction of diabetes in these groups.

Results of oxidative stress markers

Serum and liver CAT activity. Serum and liver tissue CAT
activity levels were evaluated as an indicator of antioxidant
status between the groups (Fig. 1A and B).

Serum and tissue CAT activity were significantly higher
(P<0.01) in LIN-treated diabetic rats (DM+LIN) compared
with untreated diabetic rats (DM). This indicated that LIN
treatment enhanced antioxidant enzyme activity in diabetic
rats, which suggests a potential protective effect against oxida-
tive stress induced by diabetes. This increase in CAT activity
was also observed in the LIN-treated group compared with
the DM group, further supporting the antioxidant role of LIN.

However, no significant difference was found in CAT
activity levels when DM, DM + LIN and LIN groups were
compared with the CONTROL group (P>0.05). This suggests
that while LIN treatment significantly improved CAT activity
in diabetic rats, it did not lead to a statistically significant
increase in non-diabetic rats compared with their respective
controls.

Serum and liver tissue CAT activity values indicate the
potential of LIN in modulating antioxidant CAT activity in
diabetic conditions, although its effects were less pronounced
in non-diabetic conditions.

Serum and liver SOD activity. Serum SOD values were
assessed at the end of the study (Fig. 1C). There were no statis-
tically significant differences in serum SOD levels between
the CONTROL vs. DM, CONTROL vs. LIN or DM + LIN vs.
LIN groups (P>0.05). This indicates that LIN treatment alone
did not significantly alter serum SOD levels in non-diabetic
rats, nor did it result in significant differences when comparing
LIN-treated diabetic rats with LIN-treated non-diabetic rats.

However, there were statistically significant differences
between the CONTROL vs. DM + LIN (P<0.05), DM vs.
LIN (P<0.05) and DM vs. DM + LIN groups (P<0.01). These
results suggest that LIN treatment in diabetic rats (DM + LIN)
led to significant changes in serum SOD levels compared with
untreated diabetic rats (DM), indicating a potential beneficial
effect of LIN on antioxidant enzyme activity in diabetic
conditions.

No statistically significant difference was found in liver
tissue SOD values among the groups (P>0.05; Fig. 1D).
This suggests that while LIN may affect serum SOD levels
in diabetic rats, its impact on liver tissue SOD activity was
not significant under the conditions of the present study. The
serum and liver tissue SOD values were presented These data
provide a detailed overview of the antioxidant SOD enzyme
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Figure 1. Serum and liver antioxidant levels. Levels of catalase enzymatic activity in (A) serum and (B) liver tissue samples. Enzymatic activity of SOD in
(C) serum and (D) liver tissue samples. Levels of GSH in (E) serum and (F) liver tissue samples. "P<0.05; “P<0.01 and ““P<0.001. SOD, superoxide dismutase;

GSH, reduced glutathione; DM, diabetes mellitus; LIN, linalool.

activity, indicating that LIN specifically enhances serum SOD
levels in diabetic conditions while having no significant effect
on liver tissue SOD activity.

Serum and liver GSH levels. No statistically significant
difference was found in serum GSH levels between the
CONTROL vs. DM, CONTROL vs. DM + LIN, CONTROL vs.
LIN,DM vs. DM + LIN and DM + LIN vs. LIN groups (P>0.05).
A statistically significant difference was found only between the
DM and LIN groups (P=0.013; Fig. 1E). This indicates that LIN
treatment did not significantly alter serum GSH levels in most
group comparisons, with the exception of a notable increase in
the LIN group compared with the DM group.

The liver tissue GSH values obtained in the present study
are shown in Fig. 1F. No statistically significant difference was
found in liver tissue GSH levels between any of the groups
(P>0.05). This suggests that LIN treatment did not have
a significant impact on liver GSH levels under the conditions
of the present study.

Serum and liver tissue GSH values provide a compre-
hensive overview of GSH levels, highlighting that while LIN
increased serum GSH compared with the DM group, its overall
impact on liver tissue GSH levels was not significant. These
findings contribute to the better understanding of the diabetic
conditions under which LIN affects antioxidant defense.

Serum and liver tissue MDA levels. A statistically signifi-
cant difference in serum MDA levels was found between the
CONTROL vs. DM, CONTROL vs. DM + LIN, DM vs. LIN
and DM + LIN vs. LIN groups (P<0.0001). However, there was
no statistically significant difference between the CONTROL

vs. LIN and DM vs. DM + LIN groups (P>0.05) (Fig. 2). This
suggests that LIN did not significantly alter serum MDA levels
in non-diabetic rats, nor did it result in a significant difference
in serum MDA levels between treated and untreated diabetic
groups.

Liver tissue MDA values were also assessed (Fig. 2).
A statistically significant difference was found between
the CONTROL vs. DM (P=0.0328), DM vs. DM + LIN
(P=0.0174) and DM vs. LIN (P=0.0228) groups. There were no
statistically significant differences between the CONTROL vs.
DM + LIN, CONTROL vs. LIN and DM + LIN vs. LIN groups
(P>0.05). LIN significantly reduced liver MDA levels, specifi-
cally in diabetic rats compared with untreated diabetic rats,
but this effect was not observed between non-diabetic groups
or between certain non-diabetic and treated diabetic groups.

Serum and liver tissue MDA values were assessed and
provide a detailed overview of the MDA oxidative stress
marker, highlighting the specific conditions under which LIN
exerts its antioxidant effects, particularly in reducing MDA
levels in diabetic rats.

Discussion

Diabetes is a chronic metabolic disorder characterized by
elevated blood sugar levels, resulting from either insufficient
insulin production or ineffective insulin utilization by the
body. It is a complex disease with various complications (such
as retinopathy, nephropathy, hypertension, coronary heart
disease and neuropathy) that affect multiple organ systems, in



ld 2 SPANDIDOS .
w 0.8 EXPERIMENTAL AND THERAPEUTIC MEDICINE 28: 359, 2024 5
A B
80 40 -
[ *kkk *
*kkk + i

*kkk ‘

*kkk

Serum MDA
(uM)

CONTROL DM DM+LIN LIN

30

20 1

Liver MDA
(M)

10 1

CONTROL DM DM-+LIN LIN

Figure 2. Serum and liver MDA levels. Effects of LIN treatment on MDA levels in (A) serum and (B) liver tissues. "P<0.05 and “*“P<0.0001. MDA, malondi-

aldehyde; DM, diabetes mellitus; LIN, linalool.

particular the eyes, kidneys, heart and nerves (39). Oxidative
stress is a condition that occurs when there is an imbalance
between the production of ROS and the body's ability to
neutralize them with antioxidants. ROS are highly reactive
molecules that contain oxygen and can cause damage to cells
and tissues if their levels become too high (40). Persistently
high blood glucose levels, known as hyperglycemia, are a
hallmark of diabetes. Elevated glucose levels can lead to
increased production of ROS through processes such as
glucose autoxidation and the formation of advanced glycation
end products. These reactions generate ROS as byproducts,
which can promote oxidative stress (41,42). To counteract the
effects of oxidative stress in diabetes, herbal-based therapeutic
strategies to enhance the antioxidant defense and reduce ROS
production are being investigated (43). Numerous reports have
provided various results on the antidiabetic effects of plant
extracts containing LIN (44-47). However, studies on the
antioxidant effects of LIN in diabetic rats are scarce.

In the present study, a significant increase in the blood
glucose concentration of STZ-induced diabetic rats compared
with the CONTROL group was observed. In STZ-treated
groups, blood glucose concentrations should typically exceed
200 mg/dl in non-fasting animals, while blood glucose levels
should be >150 mg/dl in fasting diabetic animals (33). The
statistically significant difference between the STZ-treated
and CONTROL groups was one of the most important points
in this study, as it confirmed the successful establishment of
the diabetic model. Typically, it has been reported that within
3 weeks following STZ injection, >50% of animals develop
severe hyperglycemia, with blood glucose concentrations
ranging from 300-600 mg/dl. Therefore, a 21-day period was
considered for the LIN treatment (48).

However, during the 21-day study period, no significant
decrease in the blood glucose levels was observed in the DM +
LIN group. Despite LIN administration, the blood glucose
concentrations remained elevated and were not statistically

different from those in the DM group. This lack of a signifi-
cant difference suggests that LIN did not exert a notable
hypoglycemic effect under the conditions of the present
study, indicating the necessity of further investigation into
its potential therapeutic benefits for diabetes management. It
was concluded that LIN alone, at a dose of 100 mg/kg, did not
play an effective role in the control of diabetic hyperglycemia.
Lee et al (49) reported that indigenous cinnamon leaf essential
oil containing ~40% LIN significantly decreased fasting blood
glucose and fructosamine levels at all doses tested (12.5, 25
and 50 mg/kg) and increased plasma and pancreatic insulin
levels under fasting conditions in the STZ-induced diabetic
rat model. The study attributed the effect of LIN in the leaf
essential oil from indigenous cinnamon to its hypoglycemic
and pancreas-protective effects. LIN, being the major
component of cinnamon leaf essential oil, was suggested to
contribute to the hypoglycemic effect observed in diabetic
rats. Additionally, LIN was reported to reverse the increase in
hepatic pro-inflammatory cytokine levels in diabetic rats (50).
These findings suggest that LIN may exert its effects through
anti-inflammatory and antioxidant mechanisms, contributing to
its potential therapeutic benefits in diabetes management (49).
Deepa and Venkatraman (50) reported an improvement in
blood glucose levels through inhibition of gluconeogenesis in
a study in which 25 mg/kg LIN was administered for 45 days
in diabetic rats. Although the results of the aforementioned
studies are different from those obtained in the present study,
it is hypothesized that these differences may be attributed to
the particular diabetes model used, the dose and duration of
LIN administration, the enantiomer differences of LIN (51) or
the type of experimental animal used.

In the liver tissue of DM group, a decrease in CAT activity
was exhibited. Similarly, a notable reduction in serum CAT
activity was observed. Both liver and serum CAT activities were
significantly increased in DM + LIN and LIN groups compared
with those in the DM group Altinok-Yipel ef al (36) reported


https://www.spandidos-publications.com/10.3892/etm.2024.12648

6 BAR and KARA: ANTIOXIDANT EFFECT OF LINALOOL IN DIABETES

that LIN increased CAT activity in rats with liver damage
induced by CCl,. Consistent with this study, the present results
demonstrated that LIN can restore impaired CAT activity under
stress. The restoration of serum CAT levels suggests that LIN
exhibits a systemic effect and can ameliorate oxidative imbal-
ances throughout the body. The results of the present study
highlight the efficacy of LIN in combating systemic oxidative
stress, as reflected in the serum and its potential regulatory
effects on various systems in the organism. This may indicate
that the antioxidant capacity of LIN is beneficial for the general
oxidative status of the organism beyond the cellular level.

It was found that SOD levels in the liver tissue did not
show statistically significant differences among the groups.
The level of SOD activity in the LIN group was similar to that
in the CONTROL group, suggesting that LIN had no effect on
SOD activity under normal physiological conditions. Despite
the increase in serum SOD levels in the DM + LIN group
compared with those in the DM group, the effects of LIN on
SOD activity in the liver were not as pronounced as those in the
serum. This suggests that the antioxidant effects of LIN may
differ between target tissues. The results of the current study
are in accordance with those of previous studies (52-54), which
indicated that there were no substantial fluctuations in the
tissue activity of SOD in individuals with DM. However, other
studies have reported both elevated (55) and decreased (56)
levels of SOD in patients with DM.

Antioxidants help protect cells by neutralizing free radi-
cals caused by oxidative stress (57). Reversely, oxidative stress,
by increasing the formation of free radicals in cells, depletes
antioxidant molecules, such as GSH (58). Both in the serum
and liver, no significant effect of LIN treatment on GSH levels
was observed in diabetic rats. LIN is a compound with antioxi-
dant properties, and its antioxidant activity may protect GSH
in cells from the harmful effects of oxidative stress. However,
it has also been indicated that LIN improves GSH levels in
brain tissue depending on the time of administration. For
example, it was reported that LIN was more effective when
it was administered to rats 3 days before or at the same time
as the acrylamide-induced neurotoxicity model establishment,
while no effect was observed when LIN was administered 3
days after the model was established (59). Even if this model
and the diabetes model of the presented study are not the
same, LIN was administered 48 h after the onset of diabetes
in the present study. Therefore, its efficacy may have varied
depending on the time of administration.

MDA is a by-product of lipid peroxidation, indicative
of oxidative damage to cell membrane lipids (60). In the
present study, a significant increase in serum MDA levels
were observed in the diabetic group (DM) compared with the
CONTROL group, as well as in the LIN-treated diabetic group
(DM + LIN) compared with the CONTROL group. These
findings confirm that diabetes induction substantially elevated
serum MDA levels, resulting in increased oxidative stress. The
results showed that the antioxidant effects of LIN were signifi-
cantly effective in reducing MDA levels, especially in the liver
of diabetic rats. The notable reduction in liver MDA levels in
LIN-treated diabetic rats compared with untreated diabetic
rats demonstrates the potential therapeutic benefits of LIN in
mitigating oxidative stress associated with diabetes. However,
the absence of significant differences in serum MDA levels

between the treated and untreated diabetic groups, as well as
between the non-diabetic groups, indicates that the effects of
LIN may be more pronounced in the liver tissue than in the
serum. This differential impact suggests that the antioxidant
properties of LIN may be tissue specific. Further research is
required to elucidate the precise mechanisms through which
LIN modulates oxidative stress and to explore its potential
applications in other tissues and diseases.

The present study assessed the antioxidant properties of
LIN in DM model. In STZ-induced diabetic rats, LIN treatment
alone failed to control hyperglycemia. However, a significant
restoration of CAT activity was observed in both the liver and
serum in diabetic rats treated with LIN. Nonetheless, there
was no significant change in liver SOD activity. Additionally,
LIN was observed to have a reducing effect on MDA levels,
an important indicator of diabetes-related oxidative stress. It
was also found that LIN did not affect GSH levels in either the
serum or liver in diabetic rats. In summary, the present results
suggest that LIN has the potential to reduce diabetes-associ-
ated oxidative stress. Overall, the current study may indicate
that LIN has a regulatory effect on the overall oxidative status
of the organism by reducing liver MDA levels, an important
indicator of diabetes-related oxidative stress, while increasing
the activity of antioxidant enzymes, such as liver and serum
CAT activity, and serum SOD activity in diabetic rats. This
suggests that LIN may help in mitigating oxidative damage
associated with diabetes.

One of the limitations of the present study is the absence
of histopathologic tissue evaluation. Although blood glucose
levels and other biochemical parameters were thoroughly
assessed, a detailed examination of pancreatic or other relevant
tissue samples was not performed. Histopathologic analysis
could have provided valuable insights into the cellular and
structural changes associated with STZ-induced diabetes and
the potential protective effects of LIN. This limitation restricts
the understanding of the underlying mechanisms at the tissue
level and the broader implications of the present findings.
Future studies should incorporate comprehensive histopatho-
logic evaluations to complement biochemical data and offer
a more holistic understanding of the therapeutic potential of
LIN in diabetic models.

These findings suggest that LIN has potential antioxidant
effects in the context of diabetes. Further research is needed
to understand the mechanisms underlying these effects
and determine the optimal dosage of LIN for diabetes
management.
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