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Diabetes mellitus is a chronic metabolic disorder characterised by persistent hyperglycaemia and in-

creased oxidative stress, which contributes to tissue injury and the development of complications. The 

present study aimed to evaluate alterations in thiol-disulfide homeostasis, total antioxidant capacity 

(TAC), total oxidant status (TOS), oxidative stress index (OSI), and ischaemia-modified albumin 

(IMA) levels in streptozotocin-induced diabetic rats, and to assess the potential modulatory effects of 

lavender treatment. A total of 50 rats were divided into control, diabetic, treatment, and lavender 

groups. Diabetes was induced using streptozotocin. Diabetes was associated with significant altera-

tions in oxidative stress parameters in a tissue-specific manner, particularly in kidney and eye tissues. 

Lavender administration was associated with partial modulation of certain oxidative markers; how-

ever, the effects were variable depending on the tissue examined. These findings suggest that lavender 

may influence redox balance under diabetic conditions, although further mechanistic and translational 

studies are required to clarify its therapeutic potential. 
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INTRODUCTION 

Type 1 diabetes mellitus (T1DM) is a 

chronic metabolic disorder resulting from 

autoimmune-mediated destruction of pan-

creatic β-cells, leading to absolute insulin 

deficiency and persistent hyperglycaemia. 

T1DM accounts for approximately 5–10% 

of all diabetes cases and typically mani-

fests during childhood or adolescence, 
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requiring lifelong insulin therapy. In most 

patients, β-cell damage is associated with 

the presence of diabetes-related autoanti-

bodies (type 1a diabetes mellitus), whe-

reas a smaller proportion of patients lack 

detectable autoantibodies and are classi-

fied as having idiopathic T1DM (type 1b 

diabetes mellitus). Additionally, a slowly 

progressive form observed in adults, known 

as latent autoimmune diabetes in adults 

(LADA), has been described (Katsarou et 

al., 2017; Solis-Herrera et al., 2018). 

T1DM is associated with a wide range 

of acute and chronic complications that 

substantially increase morbidity and mor-

tality. Chronic complications are com-

monly classified as microvascular and 

macrovascular, depending on the affected 

vascular structures. Diabetic nephropathy, 

retinopathy, and neuropathy constitute the 

major microvascular complications, whe-

reas macrovascular complications include 

cardiovascular diseases such as diabetic 

cardiomyopathy and atherosclerosis (Da-

neman, 2006; İğci & Akkeçeci, 2024). 

These complications significantly impair 

organ function and quality of life in pa-

tients with long-standing diabetes. 

Oxidative stress is a central mecha-

nism in the pathogenesis of T1DM and its 

associated complications (Iacobini et al., 

2021; Chen et al., 2025). Chronic hyper-

glycaemia promotes excessive generation 

of reactive oxygen species (ROS) through 

mechanisms such as glucose autoxidation, 

advanced glycation end-product formation 

and mitochondrial dysfunction (Singh et 

al., 2022; Weinberg Sibony et al., 2024). 

When ROS production exceeds endoge-

nous antioxidant defense capacity, oxida-

tive stress develops, resulting in structural 

and functional damage to lipids, proteins, 

and nucleic acids. Accumulating evidence 

indicates that oxidative stress plays a pi-

votal role in the development and progres-

sion of diabetic nephropathy, retinopathy 

and neuropathy (Reddy, 2023). 

Diabetes-related oxidative stress con-

tributes to tissue-specific complications in 

different organ systems (Giacco & Brown-

lee, 2010). In the nervous system, in-

creased ROS generation induced by 

chronic hyperglycaemia leads to neuronal 

damage and is closely linked to the patho-

genesis of diabetic neuropathy (Feldman 

et al., 2019; Zhu et al., 2024). In the kid-

ney, oxidative stress acts as a key media-

tor of diabetic nephropathy by promoting 

glomerular and tubular injury through 

redox imbalance (Jha et al., 2018; Wang 

& Zhang, 2024). Similarly, retinal tissue 

is particularly vulnerable to oxidative 

damage due to its high metabolic activity, 

and oxidative stress has been identified as 

a major pathogenic factor in the develop-

ment of diabetic retinopathy (Kowluru & 

Chan, 2007; Nebbioso et al., 2022). The-

refore, the evaluation of oxidative stress 

parameters in brain, kidney, and eye tis-

sues represents a rational experimental ap-

proach for investigating diabetes-related 

complications. 

In recent years, several biochemical 

markers have been employed to assess 

systemic and tissue-specific oxidative 

status, including total antioxidant capacity 

(TAC), total oxidant status (TOS), oxida-

tive stress index (OSI), ischaemia-

modified albumin (IMA), and thiol/disul-

fide homeostasis. Among these, thiol/di-

sulfide balance has emerged as a dynamic 

indicator of redox regulation and provides 

valuable insight into oxidative stress-

related alterations at the molecular level. 

Plant-derived products and essential 

oils have attracted increasing attention as 

complementary strategies for reducing 

oxidative stress associated with metabolic 

disorders (Akbari et al., 2022).  Lavandu-

la stoechas L., a member of the Lamia-
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ceae family, is an aromatic medicinal 

plant known for its antioxidant, anti-

inflammatory, and neuroprotective prop-

erties, which are attributed to its bioactive 

constituents. Although L. stoechas essen-

tial oil has been traditionally used for 

various therapeutic purposes, data regard-

ing its effects on diabetes-induced oxida-

tive stress, particularly in different target 

tissues, remain limited. 

Therefore, the present study aimed to 

investigate the effects of L. stoechas es-

sential oil on oxidative stress-related pa-

rameters, including TAC, TOS, OSI, 

IMA, and thiol/disulfide homeostasis, in 

brain, kidney and eye tissues as well as 

serum in a long-term experimental Type 1 

diabetic rat model. This study was de-

signed to provide a clearer understanding 

of tissue-specific oxidative stress re-

sponses in T1DM and the potential anti-

oxidant role of L. stoechas essential oil. 

MATERIALS AND METHODS 

Essential oil 

Lavandula stoechas essential oil 

(URN000132) was purchased from Goya 

Bitkisel Ürünler Ltd. (Turkey). 

Animals 

Fifty male Wistar albino rats, aged 15 

weeks and weighing 250–300 g at the 

beginning of the study, were obtained 

from the Aksaray University Experimental 

Animals Application and Research Cen-

ter. Throughout the experimental period, 

animals were housed under controlled 

environmental conditions with a 12:12 h 

LD cycle. Rats were fed a standard la-

boratory chow diet and food and water 

were provided ad libitum. Drinking water 

was renewed daily. The ambient room 

temperature was maintained at 25–27 °C. 

This study was conducted and reported in 

accordance with the ARRIVE 2.0 guide-

lines. All animal procedures were con-

ducted in accordance with the principles 

of the Guide for the Care and Use of La-

boratory Animals and were reviewed and 

approved by the Animal Experiments Lo-

cal Ethics Committee of Aksaray Univer-

sity (approval no: 2023/9-43; approval 

date: October 18, 2023). 

Experimental design  

A total of 50 male Wistar albino rats were 

randomly allocated into 10 cages, with 

five animals housed per cage, and were 

divided into four experimental groups. 

The first group was designated as the con-

trol group (n=10), in which no diabetes 

induction was performed and rats received 

intraperitoneal (i.p.) administration of 

0.9% physiological saline to mimic injec-

tion-related stress. The second group was 

defined as the diabetes group (n=15), in 

which type 1 diabetes was induced by i.p. 

administration of streptozotocin (STZ; 

Merck, Germany) at a dose of 45 mg/kg 

body weight, prepared in citrate buffer 

(pH=4.5) (Ghasemi & Jeddi, 2023; 

Yüztaş et al., 2014). The third group was 

designated as the treatment group (n=15), 

in which type 1 diabetes was induced by 

i.p. administration of STZ at a dose of 45 

mg/kg body weight, followed by i.p. ad-

ministration of L. stoechas essential oil at 

a dose of 50 mg/kg body weight (Sebai et 

al., 2013). The fourth group was defined 

as the lavender group (n=10), in which no 

diabetes induction was performed and rats 

received i.p. L. stoechas essential oil at a 

dose of 50 mg/kg body weight. All 

intraperitoneal injections were adminis-

tered once daily for 49 consecutive days. 

L. stoechas essential oil was dissolved 

in dimethyl sulfoxide (DMSO; Merck, 

Germany) at a 1:1 ratio and subsequently 
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diluted with 0.9% NaCl solution to obtain 

the final injectable preparation. 

Induction of type 1 diabetes 

Before the induction of type 1 diabetes, all 

rats were subjected to a 5-day acclimatisa-

tion period. At the end of this period, STZ 

administration was performed. Prior to 

STZ injection, all rats were weighed and 

their body weights were recorded. On the 

evening before STZ administration, food 

was withdrawn from all animals and fast-

ing blood glucose levels were measured 

on the day of STZ injection. Following 

blood glucose measurement, food was 

returned to the cages. Type 1 diabetes was 

induced in the diabetes and treatment 

groups by a single intraperitoneal injec-

tion of STZ at a dose of 45 mg/kg body 

weight. Since hypoglycaemia may occur 

within 6 h after STZ administration, 

drinking water of the STZ-treated groups 

was replaced with 10% glucose solution 

to prevent hypoglycaemia-related mortal-

ity and glucose-containing water was pro-

vided for 12 h. Seventy-two hours after 

STZ injection, fasting blood glucose lev-

els were measured from tail vein blood 

samples using a glucometer (Roche®, 

Germany). Rats with fasting blood glu-

cose levels >200 mg/dL were considered 

diabetic and included in the study (Ak-

kaya & Çelik, 2010; Erbaş, 2015). 

Body weight and fasting blood glucose 

measurement  

From the day of type 1 diabetes induction, 

body weight and fasting blood glucose 

levels of the rats were measured once 

weekly throughout the experimental pe-

riod. For fasting blood glucose measure-

ments, rats were fasted overnight and for 

12 h, after which blood samples were ob-

tained from the tail vein. Fasting blood 

glucose levels were measured using a glu-

cometer (Roche®, Germany). The final 

fasting blood glucose measurements were 

performed one day before the termination 

of the experiment. No animal losses oc-

curred during the experimental period, 

and no insulin treatment was administered 

to any experimental group. 

Termination of the experiment 

At the end of the 51-day experimental 

period (49-day treatment period), the rats 

were anesthetised with ketamine (90 

mg/kg; Doğa İlaç®, Turkey) and xylazine 

(10 mg/kg; Santavet®, Turkey) and sacri-

ficed by cardiac puncture. One day before 

sacrifice, all rats were weighed and final 

fasting blood glucose measurements were 

performed using blood samples obtained 

from the tail vein. Following sacrifice, 

tissue samples were collected according to 

standard procedures, portioned and placed 

into labelled, sealed bags. Cardiac blood 

samples were collected into gel-containing 

blood collection tubes and allowed to clot 

for 15 min, followed by centrifugation to 

obtain serum. The separated sera were 

transferred into 2 mL Eppendorf tubes. 

Tissue samples were washed with 0.9% 

NaCl solution (physiological saline) prior 

to portioning. All serum and tissue sam-

ples were stored at −80 °C until biochem-

ical analyses. 

Tissue homogenisation 

Tissue samples were homogenised in 140 

mmol/L KCl solution at a ratio of 0.1 g 

tissue to 0.9 mL homogenisation buffer. 

Homogenisation was performed using a 

mechanical homogeniser (Allsheng, Bio-

prep-6, Chine) until the tissues were com-

pletely disrupted and a uniform homoge-

nate was obtained. The homogenates were 

then centrifuged at 7000 rpm for 5 min at 

+4 °C in a refrigerated centrifuge. The 
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resulting supernatants were collected for 

subsequent biochemical analyses. 

Measurement of total antioxidant capacity  

Total antioxidant capacity (TAC) was 

measured using the method developed by 

Erel (2004). Reagent 1 was prepared in 

Clark buffer at pH 1.8 and contained 10 

mM o-dianisidine diluted at a ratio of 1:75 

and 45 mM ammonium ferrous sulfate. 

Reagent 2 was prepared using Clark buff-

er at pH 1.8 and contained 7.5 mM hy-

drogen peroxide (H₂O₂). During the assay, 

the Fe²⁺–o-dianisidine complex in Reagent 

1 reacted with hydrogen peroxide in Rea-

gent 2 through a Fenton-type reaction, 

generating hydroxyl radicals. These hy-

droxyl radicals reacted with o-dianisidine, 

resulting in colour formation. Antioxi-

dants present in the samples suppressed 

this oxidative reaction, thereby limiting 

colour development. After completion of 

the reaction, absorbance values were 

measured spectrophotometrically at 660 

nm, and TAC levels were calculated ac-

cordingly (Erel, 2004). 

Determination of total oxidant status  

Total oxidant status (TOS) was deter-

mined using the colorimetric method de-

veloped by Erel (2004). Reagent 1 was 

prepared based on a stock solution con-

taining 25 mM sulfuric acid (H2SO₄) dis-

solved in 140 mM NaCl. To this solution, 

glycerol (10%) and 250 µM xylenol or-

ange were added sequentially. Reagent 2 

was prepared using the same stock solu-

tion, followed by the addition of 10 mM 

o-dianisidine dihydrochloride and 5 mM 

ammonium ferrous sulfate. During the 

assay, oxidants present in the samples 

oxidized the ferrous ion-o-dianisidine 

complex to ferric ions. Glycerol in the 

reaction medium enhanced the oxidation 

process. The resulting ferric ions formed a 

colored complex with xylenol orange un-

der acidic conditions. The intensity of the 

color was directly proportional to the total 

oxidant level of the sample. Absorbance 

values were measured at 546 nm using the 

end-point method. Hydrogen peroxide 

(H2O2) was used for calibration, and re-

sults were expressed as µmol H2O2 equiv-

alent/L (Erel, 2004). 

Calculation of oxidative stress index  

Oxidative stress index (OSI), an indicator 

of oxidative stress, was calculated as the 

ratio of total oxidant status (TOS) to total 

antioxidant capacity (TAC). OSI values 

were expressed as arbitrary units (AU) 

(Harma & Erel, 2003; Kosecik et al., 

2005; Sánchez-Rodríguez & Mendoza-

Núñez, 2019) according to the following 

formula:  

 

OSI (AU)=TOS (µmol H2O2 equiva-

lent/L) / TAC (µmol Trolox equivalent/L). 

Measurement of ischaemia-modified  

albumin  

Serum ischaemia-modified albumin 

(IMA) levels were determined using the 

colorimetric method described by Bar-Or 

et al. (2000). Briefly, 50 µL of 0.1% co-

balt chloride solution prepared in distilled 

water was added to 200 µL of serum and 

gently mixed. After incubation for 10 min 

to allow cobalt-albumin binding, 50 µL of 

dithiothreitol (DTT) was added as a col-

our developing agent. The reaction was 

stopped after 2 min by adding 1.0 mL of 

0.9% NaCl solution. Absorbance was 

measured at 470 nm using a spectropho-

tometer. Colour development induced by 

DTT was compared with a serum-cobalt 

blank without DTT and results were ex-

pressed as absorbance units (ABSU) (Bar-

Or et al., 2000). 
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Thiol/disulfide homeostasis 

Serum thiol/disulfide homeostasis was 

evaluated using the automated colorimet-

ric method developed by Erel & 

Neselioglu (2014). In the first step of the 

assay, dynamic and reducible disulfide 

bonds were fully reduced to free func-

tional thiol groups using sodium boro-

hydride (NaBH4), while static and struc-

tural disulfide bonds remained unaffected. 

In the second step, excess NaBH4 was 

completely consumed to prevent re-

oxidation of thiols. In the final step, both 

native thiol groups and newly formed thiols 

were reacted with 5,5′-dithiobis-(2-

nitrobenzoic acid) (DTNB), or Ellman’s 

reagent. The amount of disulfide bonds 

was calculated as half of the difference 

between total thiol and native thiol levels. 

Following the determination of native 

thiol (–SH), disulfide (–S–S–), and total 

thiol [(–SH) + (–S–S–)] levels, disul-

fide/native thiol and disulfide/total thiol 

ratios were calculated and expressed as 

percentages (%) (Erel & Neselioglu, 2014). 

Statistical analysis 

Statistical analyses were performed using 

IBM SPSS Statistics software, version 

27.0 (IBM Corp., Armonk, NY, USA). 

Differences among groups were evaluated 

using one-way analysis of variance (one-

way ANOVA). For variables showing 

homogeneity of variances, multiple com-

parisons were conducted using Duncan’s 

post hoc test. For variables that did not 

meet the assumptions of parametric analy-

sis, group differences were assessed using 

the Kruskal-Wallis test. When a statisti-

cally significant difference was detected, 

pairwise comparisons were performed 

using the Mann-Whitney U test. Data are 

presented as mean ± standard error of the 

mean (SE). A P value < 0.05 was consid-

ered statistically significant. Data affected 

by technical errors, measurement artifacts, 

or identified as outliers based on statistical 

evaluation were excluded from the analy-

sis. Normality of distribution was assessed 

using the Shapiro-Wilk test prior to para-

metric analyses. 

RESULTS  

Weekly body weight measurements were 

used to evaluate changes in mean body 

weight over time among the experimental 

groups. The results are presented graphi-

cally in Fig. 1A. Body weight increased 

progressively in all experimental groups 

throughout the study period. When the 

difference between initial and final body 

weights was evaluated, the control group 

exhibited a mean weight gain of 

77.30±3.44 g, while the diabetic group 

showed a gain of 43.07±4.62 g. The 

treatment group demonstrated the lowest 

weight gain (37.33±7.35 g), whereas the 

lavender group gained 59.80±3.39 g. 

Among all groups, the highest weight gain 

was observed in the control group, while 

the lowest was detected in the treatment 

group. Although weight gain was numeri-

cally lower in the diabetic and treatment 

groups, no statistical between-groups dif-

ferences in total weight gain were explic-

itly reported. 

Fasting blood glucose levels were first 

measured three days before the initiation 

of the experimental protocol and subse-

quently, were assessed weekly, including 

at baseline (Fig. 1B). Before the experi-

mental procedure, fasting blood glucose 

levels were similar among groups:  

103.80±3.90 mg/dL in the control group, 

94.07±3.05 mg/dL in the diabetic group, 

88.53±1.57 mg/dL in the treatment group, 

and 91.50±1.55 mg/dL in the lavender 

group. At the end of the experimental pe-

riod, fasting blood glucose levels re-



R. Bozkurt, G. Özkurt & G. Kismali  

BJVM, ××, No × 7 

mained within the normal range in the 

control (90.50±2.73 mg/dL) and lavender 

(90.70±2.81 mg/dL) groups. In contrast, 

markedly elevated fasting blood glucose 

levels were observed in the diabetic 

(304.86±43.06 mg/dL) and treatment 

(369.67±41.14 mg/dL) groups. No statis-

tically significant reduction in fasting 

blood glucose was observed between the 

treatment and the diabetic group at the 

end of the experimental period. 

Thiol/disulfide parameters were ana-

lysed separately for each tissue and serum 

to evaluate intergroup differences. Analy-

sis of native thiol (NTL) levels in brain 

tissue revealed no statistically significant 

differences among the experimental 

groups (Fig. 2). Mean NTL levels were 

209.53±23.67 µmol/L in the control 

group, 273.57±8.10 µmol/L in the dia-

betic group, 272.45±12.75 µmol/L in the 

treatment group and 282.89±42.01 

µmol/L in the lavender group. The highest 

NTL value was observed in the lavender 

group, whereas the lowest value was re-

corded in the control group; however, 

these differences were not statistically 

significant (P>0.05).  

Statistical analysis of NTL levels in 

kidney tissue revealed a significant differ-

ence among the experimental groups 

(P<0.05). Pairwise comparisons indicated 

that the control group had significantly 

lower NTL levels compared with the other 

groups, whereas no statistically significant 

differences were detected among the dia-

betic, treatment and lavender groups. 

Mean kidney NTL levels were 225.19± 

14.28 µmol/L in the control group, 

292.62±10.67 µmol/L in the diabetic 

group, 306.46±13.43 µmol/L in the treat-

ment group and 293.60±18.52 µmol/L in 

the lavender group (Fig. 2).  

Mean eye NTL levels were 72.23± 

13.91 µmol/L in the control group, 46.06± 

12.51 µmol/L in the diabetic group, 

57.39±8.68 µmol/L in the treatment group 

and 145.84±30.27 µmol/L in the lavender 

group. A statistically significant difference 

was observed among the groups in terms 

of NTL levels in eye tissue (P<0.05). 

Pairwise comparisons showed a signifi-

cant difference between the control and 
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Fig. 1. Weekly changes in body weight (A) and fasting blood glucose levels (B) among experimental 

groups (Control: healthy group; Diabetic: type 1 diabetes-induced group; Treatment: type 1 diabetes-

induced group treated with L. stoechas essential oil; Lavender: healthy group treated with L. 

stoechas essential oil). 
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diabetic groups, with higher NTL levels in 

the control group (Fig. 2). Additionally, 

the lavender group exhibited significantly 

higher NTL levels compared with the con-

trol, diabetic and treatment groups 

(P<0.05).  

Statistical analysis revealed significant 

differences in serum NTL levels among 

between the treatment group and the con-

trol and lavender groups (P<0.05). Serum 

NTL levels were 37.33±9.84 µmol/L in the 

control group, 42.21±7.43 µmol/L in the 

diabetic group, 67.64±11.39 µmol/L in the 

treatment group and 30.45±7.97 µmol/L 

in the lavender group. The highest serum 

NTL level was detected in the treatment 

group, whereas the lowest level was ob-

served in the lavender group (Fig. 2). 

A statistically significant difference 

was detected between the lavender group 

and the control and diabetic groups with 

respect to total thiol (TTL) levels in brain 

tissue (P<0.05). Brain TTL levels were 

366.74±28.47 µmol/L in the control 

group, 383.55±17.30 µmol/L in the dia-

betic group, 433.61±17.50 µmol/L in the 

treatment group, and 504.99±45.01 

µmol/L in the lavender group (Fig. 3). No 

statistically significant differences were 

observed among the groups in kidney 

TTL levels (P>0.05); mean kidney TTL 

levels were 319.95±26.68 µmol/L in the 

control group, 343.54±15.69 µmol/L in 

the diabetic group, 368.12 8.00 µmol/L in 

the treatment group, and 357.77±26.24 

µmol/L in the lavender group (Fig. 3). 

Eye TTL levels were 84.69±19.23 

µmol/L in the control group, 176.64±50.33 

µmol/L in the diabetic group, 265.99± 

68.09 µmol/L in the treatment group, and 

 
 

  
 

Fig. 2. Comparison of NTL levels in brain, kidney, eye tissues and serum among Control: healthy 

group; Diabetic: type 1 diabetes-induced group; Treatment: type 1 diabetes-induced group treated 

with L. stoechas essential oil; Lavender: healthy group treated with L. stoechas essential oil. 
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207.78±45.63 µmol/L in the lavender 

group (Fig. 3). A statistically significant 

difference was observed between eye TTL 

levels in the control and lavender groups 

among the groups (P<0.05). Serum TTL 

levels differed significantly between the 

treatment group and the control and dia-

betic groups (P<0.05). Serum TTL levels 

were 151.78±8.34 µmol/L in the control 

group, 144.54±23.07 µmol/L in the dia-

betic group, 245.34±35.34 µmol/L in the 

treatment group, and 175.80±24.95 µmol/L 

in the lavender group (Fig. 3). 

No statistically significant differences 

were detected among the groups in brain 

disulfide levels (P>0.05): 68.01±12.78 

µmol/L in the control group, 53.61±8.87 

µmol/L in the diabetic group, 86.24± 

11.62 µmol/L in the treatment group, and 

108.57±31.92 µmol/L in the lavender 

group (Fig. 4). Kidney disulfide levels 

neither differed significantly among the 

groups. Mean values were 47.38±15.24 

µmol/L in the control group, 35.90±10.55 

µmol/L in the diabetic group, 31.51±6.07 

µmol/L in the treatment group, and 

53.65±15.65 µmol/L in the lavender 

group (Fig. 4). 

Significant differences in eye disulfide 

levels were detected between the control 

group and the diabetic and treatment 

groups (P<0.01), between the diabetic and 

treatment groups (P<0.05), and between 

the treatment and lavender groups 

(P<0.01). Eye disulfide levels were 9.52± 

2.02 µmol/L in the control group, 65.29± 

24.91 µmol/L in the diabetic group, 

162.76±49.47 µmol/L in the treatment 

group, and 34.40±17.85 µmol/L in the la-

vender group (Fig. 4).  

  

  
 

Fig. 3. Comparison of TTL levels in brain, kidney, eye tissues and serum among Control: healthy 

group; Diabetic: type 1 diabetes-induced group; Treatment: type 1 diabetes-induced group treated 

with L. stoechas essential oil; Lavender: healthy group treated with L. stoechas essential oil. 
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 1 
Fig. 4. Comparison of disulfide levels in brain, kidney, eye tissues and serum among the Control: 2 
healthy group; Diabetic: type 1 diabetes-induced group; Treatment: type 1 diabetes-induced group 3 
treated with L. stoechas essential oil; Lavender: healthy group treated with L. stoechas essential oil. 4 

  

  
 5 
Fig. 5. Comparison of TAC levels in brain, kidney, eye tissues and serum among Control: healthy 6 
group; Diabetic: type 1 diabetes-induced group; Treatment: type 1 diabetes-induced group treated 7 
with L. stoechas essential oil; Lavender: healthy group treated with L. stoechas essential oil. 8 



R. Bozkurt, G. Özkurt & G. Kismali  

BJVM, ××, No × 11 

No statistically significant differences 

were observed among the groups in serum 

disulfide levels – 53.66±10.82 µmol/L in 

the control group, 53.93±12.64 µmol/L in 

the diabetic group, 93.62±15.76 µmol/L 

in the treatment group, and 74.02 ± 14.16 

µmol/L in the lavender group (Fig. 4). 

Brain TAC levels differed between the 

control and lavender groups (P<0.05), 

with a significant difference. Brain TAC 

concentrations were 1.20±0.07 mmol/L in 

the control group, 1.33±0.05 mmol/L in 

the diabetic group, 1.32±0.03 mmol/L in 

the treatment group, and 1.38±0.05 

mmol/L in the lavender group (Fig. 5). A 

significant difference was also observed in 

kidney TAC levels between the lavender 

group and the control and diabetic groups 

(P<0.05): 1.45±0.04 mmol/L in the con-

trol group, 1.41±0.05 mmol/L in the dia-

betic group, 1.34±0.04 mmol/L in the 

treatment group, and 1.24±0.03 mmol/L 

in the lavender group (Fig. 5). 

Eye TAC levels (0.80±0.12 mmol/L in 

the control group, 0.62±0.01 mmol/L in 

the diabetic group, 0.71±0.10 mmol/L in 

the treatment group, and 0.71±0.03 

mmol/L in the lavender group) demon-

strated  no statistically significant between-

group differences (P>0.05). The same was 

true for serum TAC (Fig. 5) with mean 

levels of 1.55±0.07 mmol/L (control), 

1.62±0.09 mmol/L (diabetic), 1.63±0.09 

mmol/L (treatment), and 1.75±0.13 

mmol/L (lavender) groups. 

Brain TOS levels – 9.56±0.30 µmol/L 

in the control group, 10.53±0.24 µmol/L 

in the diabetic group, 10.02±0.33 µmol/L 

in the treatment group, and 10.01±0.57 

µmol/L in the lavender group – did not 

show statistically significant differences 

were observed among the groups (Fig. 6). 

Kidney TOS levels however differed sig-

nificantly between the control group and 

the diabetic and treatment groups (P<0.05. 

Kidney TOS levels measured 7.45±0.38 

µmol/L in the control group, 10.49±0.84 

µmol/L in the diabetic group, 10.45±1.00 

µmol/L in the treatment group, and 

10.95±1.59 µmol/L in the lavender group 

(Fig. 6). No statistically significant differ-

ences were observed among the groups in 

eye TOS levels (P>0.05): 7.73±1.00 

µmol/L in the control group, 9.84±1.22 

µmol/L in the diabetic group, 16.25±3.05 

µmol/L in the treatment group, and 

8.97±0.88 µmol/L in the lavender group. 

Similarly, serum TOS (1.50±0.26 µmol/L 

in the control group, 1.33±0.28 µmol/L in 

the diabetic group, 0.99±0.19 µmol/L in 

the treatment group, and 0.82±0.33 

µmol/L in the lavender group) did not 

differ significantly among the groups 

(P>0.05) (Fig. 6). 

No statistically significant between-

group differences were observed among 

the groups in brain OSI (P>0.05) that 

were 0.82±0.05 AU in the control group, 

0.81±0.04 AU in the diabetic group, 

0.76±0.03 AU in the treatment group, and 

0.73±0.05 AU in the lavender group (Fig. 

7). Kidney OSI values (0.52±0.04 AU in 

the control group, 0.76±0.07 AU in the 

diabetic group, 0.80±0.09 AU in the 

treatment group, and 0.88±0.14 AU in the 

lavender group) differed considerably in 

the control group and the diabetic, treat-

ment, and lavender groups (P<0.05) in 

relation to the control group (Fig. 7). Eye 

OSI values differed significantly between 

the control group and the diabetic and 

treatment groups (P<0.05), with signifi-

cant differences observed.  
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Fig. 6. Comparison of TOS levels in brain, kidney, eye tissues and serum among Control: healthy 1 
group; Diabetic: type 1 diabetes-induced group; Treatment: type 1 diabetes-induced group treated 2 
with L. stoechas essential oil; Lavender: healthy group treated with L. stoechas essential oil. 3 

  

 
 

 4 
Fig. 7. Comparison of OSI levels in brain, kidney, eye tissues and serum among Control: healthy 5 
group; Diabetic: type 1 diabetes-induced group; Treatment: type 1 diabetes-induced group treated 6 
with L. stoechas essential oil; Lavender: healthy group treated with L. stoechas essential oil. 7 
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Eye OSI were 1.05±0.17 AU in the con-

trol group, 1.59±0.20 AU in the diabetic 

group, 2.32±0.36 AU in the treatment 

group, and 1.28±0.13 AU in the lavender 

group. Finally, differences between serum 

OSI values in the control group (0.10 ± 

0.02 AU), the diabetic group (0.09±0.02 

AU), the treatment group (0.06 ± 0.01 

AU) and  the lavender group (0.05±0.02 

AU) were inconsistent (Fig. 7). 

Serum IMA levels differed signifi-

cantly among the groups (P<0.01). Pair-

wise comparisons revealed significant 

differences between the lavender group 

and the control, diabetic, and treatment 

groups (P< 0.01). Serum IMA levels were 

0.56±0.01 AU in the control group, 0.52± 

0.01 AU in the diabetic group, 0.53±0.02 

AU in the treatment group, and 0.63±0.02 

AU in the lavender group (Fig. 8). 

 

Fig. 8. Comparison of serum IMA levels 

among Control: healthy group; Diabetic: type 

1 diabetes-induced group; Treatment: type 1 

diabetes-induced group treated with L. 

stoechas essential oil; Lavender: healthy group 

treated with L. stoechas essential oil. 

 

DISCUSSION 

The present study demonstrated the ef-

fects of streptozotocin-induced diabetes 

on thiol-disulfide homeostasis, TAC, 

TOS, OSI, and IMA levels in different rat 

tissues and evaluated the potential modu-

latory role of lavender treatment. The 

findings indicate that diabetes was associ-

ated with alterations in oxidative balance 

parameters in several tissues and sug-

gested that diabetes induced tissue-

specific disturbances in oxidative balance 

rather than uniform oxidative damage 

across all tissues.  

Body weight increased in all groups 

during the study, with a regular and 

physiological weight gain observed in the 

control group. The lower weight gain in 

the diabetic and treatment groups com-

pared with controls is consistent with in-

sulin deficiency-related impairment of 

glucose uptake, increased lipolysis, and 

protein catabolism. The similar weight 

gain patterns in the control and lavender 

groups indicate that L. stoechas essential 

oil did not adversely affect growth in 

healthy animals, in line with previous re-

ports demonstrating its safe use in non-

diabetic models (Sebai et al., 2013). 

Evaluation of fasting blood glucose 

levels revealed that control and lavender 

groups maintained normoglycaemic val-

ues throughout the experiment, suggesting 

that L. stoechas essential oil did not nega-

tively influence glucose homeostasis in 

healthy rats. Although diabetic and treat-

ment groups exhibited hyperglycemia, a 

reduction in fasting blood glucose levels 

at the end of the experiment was observed 

in the treatment group compared with 

baseline values. This finding is consistent 

with previous studies reporting the glu-

cose-lowering effects of L. stoechas in ex-

perimental diabetes models (Sebai et al., 

2013). 

Despite the observed reduction in fast-

ing blood glucose within the treatment 

group over time, no significant difference 

was detected between the diabetic and 

treatment groups at the end of the experi-
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mental period. This suggests that the 

beneficial effects of L. stoechas essential 

oil may be primarily related to attenuation 

of oxidative stress rather than direct regu-

lation of glucose homeostasis. In strepto-

zotocin-induced T1DM, extensive pancre-

atic β-cell destruction leads to severe insu-

lin deficiency, limiting the ability of anti-

oxidant interventions alone to normalize 

blood glucose concentrations (Furman, 

2021). Nevertheless, antioxidant com-

pounds may reduce tissue injury by scav-

enging reactive oxygen species, preserv-

ing redox balance, and enhancing endoge-

nous antioxidant defense systems despite 

persistent hyperglycaemia (Ceriello & 

Motz, 2004). Similarly, Sebai et al. (2013) 

reported that L. stoechas essential oil im-

proved oxidative stress parameters in dia-

betic rats, suggesting that its protective 

effects were predominantly mediated 

through antioxidant mechanisms. These 

effects are thought to be associated with 

the phenolic compounds and monoterpenes 

present in L. stoechas, which possess potent 

free radical-scavenging and antioxidant 

activities (Ez Zoubi et al., 2020). 

Thiol-disulfide homeostasis is a dy-

namic indicator of redox balance and re-

flects the equilibrium between antioxidant 

defenses and oxidative burden. In this 

study, tissue-specific differences were 

observed in TTL and disulfide levels 

among the experimental groups. The ele-

vated disulfide levels observed in certain 

diabetic groups may reflect enhanced oxi-

dative conversion of thiol groups under 

hyperglycaemic conditions. Particularly in 

eye tissue, disulfide levels were markedly 

increased in the diabetic and treatment 

groups compared with controls. This may 

indicate increased oxidative susceptibility 

of ocular tissues in the diabetic state. In-

terestingly, lavender administration ap-

peared to modulate thiol-disulfide balance 

in some tissues. Lavender treatment was 

associated with partial normalisation of 

certain redox parameters, although this 

effect was not consistent across all tissues. 

These findings suggest that the antioxi-

dant effects of lavender may be tissue-

dependent and possibly influenced by 

local metabolic activity or drug bioavail-

ability. 

TAC reflects the cumulative action of 

all antioxidants present in biological sam-

ples, whereas TOS indicates the overall 

oxidant load. In the present study, signifi-

cant changes in TAC were observed in 

brain and kidney tissues. The relatively 

higher TAC levels observed in the laven-

der group, particularly in brain tissue, may 

suggest an enhancement of antioxidant 

defense mechanisms (Hancianu et al., 

2013; Wang & Lo, 2018). However, in 

kidney tissue, TAC values were lower in 

the lavender group compared with con-

trols. This finding suggests that the impact 

of lavender on renal antioxidant capacity 

may differ from that observed in other 

tissues, warranting further mechanistic 

investigation. Regarding TOS, kidney 

tissue exhibited significantly elevated lev-

els in diabetic and treatment groups com-

pared with controls. This supports the 

concept that renal tissue may be particu-

larly vulnerable to hyperglycemia-induced 

oxidative stress. In contrast, brain and 

serum TOS levels did not differ signifi-

cantly among groups, indicating that oxi-

dative alterations may not be uniformly 

distributed across tissues. 

OSI, calculated as the ratio of TOS to 

TAC, provides an integrated measure of 

oxidative stress. In this study, significant 

differences in OSI were detected in kidney 

and eye tissues. These findings indicate 

that oxidative stress was relatively ele-

vated in certain diabetic groups, particu-

larly in renal and ocular tissues. The ab-
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sence of significant changes in serum OSI 

suggests that systemic oxidative markers 

may not fully reflect localised tissue-

specific oxidative disturbances.  

IMA is considered a marker of is-

chaemia and oxidative stress. In the pre-

sent study, serum IMA concentrations 

were significantly higher in the lavender 

group compared with the other groups. 

This unexpected elevation may reflect 

alterations in albumin structure or redox 

state associated with lavender administra-

tion; however, the underlying mechanism 

remains unclear. Given that IMA can be 

influenced by multiple physiological and 

pathological conditions, interpretation of 

these findings should be made cautiously. 

Overall, the present study demon-

strates that streptozotocin-induced diabe-

tes is associated with alterations in thiol-

disulfide homeostasis and oxidative stress 

markers in a tissue-specific manner. Lav-

ender treatment appeared to modulate 

certain oxidative parameters, although its 

effects were variable depending on the 

tissue examined. These findings suggest 

that the antioxidant effects of L. stoechas 

essential oil may be tissue-dependent and 

influenced by local metabolic activity, 

bioavailability, and tissue-specific physio-

logical characteristics. Several factors 

may contribute to these differential re-

sponses. The distribution and accumula-

tion of the bioactive constituents of L. 

stoechas essential oil may vary among 

tissues because of differences in tissue 

perfusion, vascularisation, and membrane 

permeability. In addition, each tissue pos-

sesses distinct metabolic characteristics 

and endogenous antioxidant defense ca-

pacities, which may influence its suscepti-

bility to oxidative stress and its response 

to antioxidant treatment. The pronounced 

oxidative alterations observed in kidney 

and eye tissues in the present study are 

consistent with their well-recognised sus-

ceptibility to hyperglycaemia-induced 

oxidative injury. The kidney is continu-

ously exposed to high metabolic activity 

and increased oxidative burden associated 

with glucose filtration and reabsorption, 

whereas ocular tissues are particularly 

vulnerable because of their high oxygen 

consumption and continuous exposure to 

light-induced oxidative stress. In contrast, 

the relatively limited changes observed in 

brain tissue may reflect its tissue-specific 

antioxidant defenses and the restricted 

penetration of bioactive compounds ac-

ross the blood-brain barrier. Collectively, 

these physiological differences may ex-

plain why the antioxidant effects of L. 

stoechas essential oil were more pro-

nounced in some tissues than in others. 

It is important to acknowledge certain 

limitations of this study. First, this re-

search was conducted on an animal mod-

el, and further clinical studies are required 

to confirm its therapeutic efficacy in hu-

mans. Second, the study primarily focused 

on biochemical parameters of thi-

ol/disulfide homeostasis and oxidative 

status (TAC, TOS, OSI, and IMA); there-

fore, detailed molecular mechanisms and 

gene expression pathways were not evalu-

ated. Future investigations with molecular 

analyses will help clarify the comprehen-

sive mechanisms involved. 

CONCLUSIONS 

This study evaluated the effects of L. 

stoechas essential oil on oxidative stress-

related parameters in a long-term strepto-

zotocin-induced T1DM model, focusing 

on major diabetic complications, includ-

ing neuropathy, nephropathy, and reti-

nopathy. In addition, changes in body 

weight and fasting blood glucose levels 

were assessed throughout the experimen-
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tal period. To the best of our knowledge, 

this study represents one of the first com-

prehensive experimental investigations 

examining the long-term effects of L. 

stoechas essential oil in type 1 diabetes. 

The findings demonstrate that diabe-

tes-induced oxidative stress exhibits clear 

tissue-specific characteristics, with par-

ticularly pronounced alterations observed 

in highly susceptible tissues such as the 

kidney and eye. Administration of L. 

stoechas essential oil elicited an antioxi-

dant response in certain tissues, mainly 

through modulation of thiol-related pa-

rameters, whereas in other tissues its pro-

tective effects were limited under condi-

tions of increased oxidative burden. These 

results indicate that the antioxidant effi-

cacy of L. stoechas is dependent on tissue 

type and local redox status. 

A key strength of this study is the first-

time evaluation of thiol/disulfide homeo-

stasis together with TAC, TOS, and OSI 

parameters in eye tissue under long-term 

T1DM conditions. Given the central role 

of oxidative stress in the pathogenesis of 

diabetic retinopathy, these findings pro-

vide novel and valuable insights into the 

redox mechanisms involved in ocular 

complications of diabetes. Furthermore, 

the extended duration of the experimental 

protocol, which exceeds that of many pre-

vious studies, allowed a more accurate 

assessment of chronic oxidative stress and 

its impact on tissue-specific diabetic com-

plications. 

In conclusion, streptozotocin-induced 

diabetes in rats was associated with altera-

tions in thiol-disulfide homeostasis and 

oxidative stress markers in a tissue-

dependent manner. Lavender administra-

tion was associated with modulation of 

selected oxidative parameters; however, 

its effects were not uniform across all tis-

sues. The most pronounced alterations 

were observed in kidney and eye tissues, 

suggesting that these organs may be par-

ticularly susceptible to diabetes-related 

redox imbalance. Although the findings 

indicate a potential antioxidant-related 

role of lavender, further experimental and 

mechanistic studies are required before 

drawing definitive conclusions regarding 

its therapeutic applicability in diabetic 

oxidative injury. To unravel these under-

lying mechanisms, future investigations 

should focus on evaluating specific mo-

lecular targets, such as the expression 

profiles of the Nrf2/HO-1 signalling 

pathway for cellular antioxidant defenses 

and the NF-κB pathway for associated 

microvascular inflammatory responses. 

Future investigations with larger sample 

sizes, different dosing regimens, and ex-

tended treatment durations are necessary 

to clarify the clinical relevance of these 

findings. 
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